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 Summary 
 
During the past 30 years, there have been considerable advances in models dedicated to 
describing nutrient digestion and milk production in dairy cows. The most sophisticated 
of these is Molly, a dynamic mechanistic scientific model developed by R. Baldwin, J. 
France, D. Beever, M. Gill and J. Thornley. The most successful from the point of view 
of adoption, has been the Cornell Net Carbohydrate System (CNCPS), a static production 
model developed by researchers at Cornell University, D. Fox, R. Russel, C. Sniffen, J. 
O’Connor and P. Van Soest. The system of equations that make up the CNCPS has been 
incorporated into the CNCPS Program and also into the CPM-Dairy program. At the start 
of the new Millennium, despite the fact that the above software systems had sophisticated 
models to describe the digestion and metabolism of carbohydrates and protein, their 
equations to describe the digestion and metabolism of fat were quite primitive. 
  
During the last twenty years there has been a growing recognition of the importance of 
fat in dairy cow diets and that the optimization of the inclusion of fat in diets might have 
beneficial and profitable consequences for milk production, total milk fat concentration, 
the concentration of individual fatty acids in milk and for cow fertility. Clearly, at the 
time of the commencement of the work of this thesis, there was a need for a more 
sophisticated approach to the modeling of fat nutrition of dairy cows. 
 
Therefore, the main purpose of this thesis was to integrate into a general model of dairy 
cow nutrition (CPM-Dairy), a large amount of information on a system which 
iv 
 encompasses intake of fat, ruminal transformations of individual fatty acids, intestinal 
absorption of individual fatty acids and incorporation into milk of the major individual 
fatty acids. Additional purposes of this work were the derivation of mechanistic 
principles underlying the behaviour of this system, the estimation of important 
parameters that describe the system and the identification of important gaps in our 
knowledge about the system. 
 
The general techniques of model development employed in this thesis involved: 
• collation of data from the scientific literature, 
•  recognition of patterns within the data that could be accounted for by 
mechanistic principles, 
•  choice of appropriate mathematical equations to describe the data, 
•  estimation of parameters 
• assembling equations into sub-models to describe aggregated phenomena e.g. 
flow of specific long chain fatty acids (LCFA) to the doudenum 
• statistical validation of sub-models by employing the developed sub-models to 
make predictions about independent data-sets, and comparing these predictions 
with data 
 
The work of this thesis resulted in the development of four models: 
 A static sub-model to describe ruminal transformations and intestinal absorption 
of LCFA (fat sub-model) 
v 
  A static sub-model to describe the output in milk of the major milk fatty acids 
(milk fatty acid sub-model) 
 A dynamic model to describe  in vitro ruminal lipolysis and biohydrogenation 
(BH) of unsaturated LCFA 
 A dynamic model of plasma non-esterified fatty acids (NEFA) kinetics 
 
The static fat sub-model describes the intake of dietary fat based on 10 major dietary fatty 
acids, ruminal lipolysis of fat, ruminal BH of unsaturated LCFA, ruminal de novo 
synthesis of LCFA and intestinal absorption of 10 main individual LCFA. This model is 
currently influencing fat nutrition of dairy cows since it has been incorporated into CPM-
Dairy and is used by more than 2000 dairy nutritionists and scientists throughout the 
world to formulate dairy rations. The fat sub-model has helped to elucidate key aspects of 
ruminal fat metabolism and of intestinal absorption of fatty acids. In particular, the fat 
sub model contains the first published estimates of rates of lipolysis of 25 common dairy 
feeds. The fat sub-model also contains the first published equations to predict how 
estimated rates of BH of hexadecenoic, octadecatrienoic, octadecadienoic, trans-
octadecenoic and cis-octadecenoic acid vary in response to different concentrations of 
total free (non-esterified) LCFA in the rumen. It also includes the first published 
equations to predict the de novo production of fatty acids in the rumen. The fat sub-model 
utilizes separate coefficients to describe the intestinal absorption of 10 individual non-
esterified LCFA and for 10 individual rumen ‘by-pass’ (esterified) LCFA. These findings 
together constitute a significant advancement in our knowledge of ruminal metabolism 
and intestinal absorption of LCFA. 
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The static milk fatty acid sub-model utilizes as principle drivers, predicted amounts of  10 
major fatty acids absorbed from the intestine (obtained from the fat sub-model). These 
predictions along with other dietary and cow factors are used in multiple regression 
equations to predict the output in milk of 26 major milk fatty acids. This constitutes the 
second major achievement of this thesis since this is the first time that a model has been 
developed that predicts the production of all of the major milk fatty acids. 
  
In developing the milk fatty acid sub-model, significant advancements have been made in 
our understanding of the important principals underlying the fatty acid composition of 
milk fat. Chief among these is a finding that production of each individual de novo fatty 
acid in milk constitutes a relatively fixed proportion of the total production of de novo 
fatty acids (C4 – C15).  The equations developed to predict the production of individual 
preformed milk fatty acids reveal some hitherto unrecognized and potentially important 
effects of dietary components on the production of specific fatty acids. In particular, one 
equation predicts that production of cis-9, trans-11 linoleic acid (CLA) may be enhanced 
by inclusion of buffer (sodium bicarbonate) in the diet and reduced by the inclusion of 
magnesium oxide in the diet. These unexpected associations have the potential to 
influence human health and therefore warrant further research. Although the equations of 
the milk fatty acid sub-model hold much promise for contributing to the eventual goal of 
predicting the fatty acid composition of milk, validation of these equations must await 
publication in the scientific literature of additional appropriate data. Nevertheless, the 
vii 
 equations in the milk fatty acid model constitute a significant advancement in this field of 
research. 
 
The novel, non-linear dynamic model to describe in vitro ruminal lipolysis and BH of 
unsaturated LCFA, employs Michaelis-Menten kinetics and inhibition kinetics. This 
model may prove to be an important advancement in the field of modeling ruminal 
transformations of LCFA since it demonstrates that this type of modeling can provide 
new insights regarding BH of unsaturated LCFA. From this modeling, a novel finding is 
that vaccenic acid, at high concentrations, appears to inhibit its own BH.  A second novel 
and perhaps surprising finding is that the BH of rumenic acid appears to proceed at a 
faster rate when triglyceride is present in the incubation medium compared to when it is 
absent from the incubation medium. These two findings warrant further research. 
 
The work involved in the development of the milk fatty acid sub-model identified that 
there is an important gap in the scientific knowledge regarding the quantification of 
lipolysis of adipose tissue. The novel dynamic model of plasma NEFA kinetics 
developed in this thesis, makes use of data obtained from a relatively simple procedure, 
an intravenous glucose tolerance test (IVGTT) to enable estimation of the rate of lipolysis 
of adipose tissue. Although further work is foreshadowed to validate this new model, it is 
considered that this model has the potential to make significant contributions to the 
advancement of nutritional research of ruminants and health related research into diabetes 
and metabolic syndrome in humans. 
 
viii 
 The overall goal of a complete model to predict the fatty acid composition of milk is still 
tantalizingly just outside of our reach. However, the work of this thesis constitutes a 
significant advancement in our understanding of the system that controls the production 
of individual milk fatty acids, and is a substantial foundation upon which to build towards 
the goal of predicting the fatty acid composition of milk. 
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 Chapter 1. 
Review of the Literature. 
 
1.1 General Introduction 
For thousands of years, humans have been preoccupied with fat; fat in our diets and fat in 
our bodies. The ancient Hebrews searched for forty years until they found Israel, - a land 
flowing in milk and honey (Exodus 3:8). Western culture is still preoccupied with fat.  
Fat supplies energy and tastes good.  However, excessive intake of fat increases risk of 
vascular disease, diabetes, bowel cancer and other diseases (Mozaffarian et al. 2006). 
Countering these negative health effects, recent research has shown specific individual 
milk fatty acids have potent anti carcinogenic and other health benefits (Pariza et al. 
1999; Bhattacharya et al. 2006).  These issues translate into market forces which 
currently and will increasingly influence the dairy industry and determine how cows are 
fed and consequently the fatty acid composition of milk.  
 
Mathematical models of nutrition have been used as a tool not only to facilitate the 
understanding of the complex interactions involved in nutrition, but also for the practical 
purpose of improving nutrition of dairy herds and thereby improving their production and 
profitability. These models have reached a high level of sophistication with regard to the 
description of the ruminal degradation of carbohydrates and proteins (Fox et al. 1992; 
Fox et al. 2000; Sniffen et al. 1992, Baldwin et al.1987c) and the mammary metabolism 
of many milk precursors (Baldwin et 1987a; Baldwin et al.1987b; Cant et al. 1993). 
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 However, existing ruminant models poorly describe fat metabolism (CNCPS, CPM-
Dairy, NRC 2001). Clearly, a model that could describe the production of the major 
individual fatty acids in bovine milk fat could have many applications. These applications 
include the cost-effective modification of diets to produce so called ‘designer’ milks with 
enhanced specific fatty acid profiles. One such fatty acid is conjugated linoleic acid 
(CLA), specifically cis-9, trans-11 linoleic acid which has many beneficial effects in 
prevention of atherosclerosis, different types of cancer, hypertension and also improves 
immune function (Bhattacharya et al. 2006).  
 
A problem that has long concerned the dairy industry is low milk fat concentration, or 
milk fat depression (MFD) (Davis and Brown 1970). Much research has focused on the 
etiology of MFD and is the subject of excellent reviews (Bauman and Griinari 2003). To 
date, there has been no nutritional model that can consistently and quantitatively predict 
the extent of MFD. 
 
1.1.1 Objectives of the Work in this Thesis. 
There were several objectives for the work described in this thesis. The original objective 
was to integrate into a general model of dairy nutrition (CPM-Dairy) a large amount of 
information on intake of fat, ruminal transformations of individual fatty acids, intestinal 
absorption of individual fatty acids and incorporation into milk of the major individual 
fatty acids. Additional objectives include the derivation of mechanistic principles 
underlying the behaviour of this system, accurate estimation of important parameters that 
describe this system and identification of important gaps in knowledge of this system. 
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At the outset of this work, it was hoped that a complete ‘Fat Model’ might be developed 
and incorporated into the ration formulation program CPM-Dairy. It was recognized that 
this task would exceed the scope of a post-graduate degree. Therefore a modular 
approach was used to break the ‘Fat Model’ into a number of ‘sub-models’ that describe 
the main processes that influence production of individual milk fatty acids. A modular 
approach is useful since an overwhelmingly complex problem can be broken into a series 
of smaller addressable problems. Secondly, a modular approach allows various parts of 
the problem to be addressed simultaneously. Thirdly, and perhaps most importantly, the 
modular approach ensures that even if incomplete availability of data prevented in depth 
development of some modules, completion of a few modules could contribute towards a 
model to predict production of the major fatty acids in bovine milk. 
 
Early in the work of this thesis, it was recognized that there is a vast scientific literature 
on fat digestion and metabolism in dairy cows and the identification of critical knowledge 
gaps would be difficult without modeling. Furthermore, even when a model is produced, 
such as CNCPS, CPM-Dairy and Molly, its refinement continues as new data become 
available. All these factors influenced the decision for the title of this thesis: Towards a 
model to describe the production of individual fatty acids in milk. 
 
The general nature of models is discussed in the following literature review, and the steps 
involved in building a model are described. In the concluding section of this introductory 
chapter, the general structure and logic of this thesis is described and six research 
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 hypotheses stated. In the chapters that follow, extensive literature reviews describe the 
background knowledge with respect to fat metabolism. Therefore, this literature review 
will focus on issues not addressed in subsequent chapters. 
 
1.2  Dairy Nutrition Models: Their Form and Role 
There are a number of excellent articles that define mathematical models and describe 
ways in which models are classified (Boston et al. 2002; Baldwin 2002). Wastney et al. 
(1999) define a model as a simplified representation of a system. Baldwin (2002) 
classifies models as belonging to two main distinct types: static or dynamic. According to 
Baldwin (2002), static, factorial, algebraic models are based on empirical relationships 
between input factors and a response parameter. In contrast to static models, Baldwin 
(2002) asserts that mechanistic/ dynamic models better capture knowledge of 
relationships that influence outcomes and that previous as well as current nutrition, 
influences subsequent animal performance. Boston et al. (2002) make the same general 
distinction between model types but classify them as either “Production” models or 
“Scientific” models and provide a description of the distinguishing properties of these 
models  (see Table 1.1).  
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 Table 1.1 Properties of production and scientific models. (After: Boston et al. 2002) 
 
Feature Production model Scientific model 
Purpose Predict response Understand process 
Form Response surface equations Differential equations 
(state equations) 
Parameters Polynomial coefficients 
derived from data fitting 
Biochemical reaction 
properties 
Aggregation step None; model derived from 
aggregated experiments 
Chemical processes 
aggregated to organ and 
animal level functions 
Solution process Simple explicit solution of 
equations 
Complex systems of 
equations requiring special 
software 
Outputs Computed indicators of 
adequacy of inputs and 
production cost measures 
Steady state solutions to 
transactions in terms of 
scientifically significant 
indicators 
Character Empirical and static Dynamic and mechanistic 
 
 
The CNCPS model and the CPM-Dairy model (which incorporates much of the CNCPS 
model) are production models (Boston et al. 2002). These include a mix of empirical and 
mechanistic approaches to describe feed intake, ruminal fermentation of protein and 
carbohydrate, intestinal digestion and absorption, excretion, heat production, and 
utilization of nutrients for maintenance, growth, lactation and pregnancy (Boston et al. 
2002). These static, production models can be regarded as providing a snapshot of the 
steady state production response of a dairy cow to a defined dietary input given known 
status of required animal and environmental descriptors.   
 
In contrast to static models, scientific or dynamic mechanistic models assume that the 
system in question can be described by a set of critical metabolic transactions. These 
transactions or state equations are usually described by a set of differential equations 
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 which assume mass balance. Some systems are described as linear. In a linear system, the 
amount of a substance that moves in unit time, from one compartment, state or location to 
another compartment, state or location is proportional to the amount of substance present 
in the first compartment. Such a system is said to follow first order kinetics. However, 
most biological systems are non-linear, and therefore do not follow first-order kinetics. 
As the name ‘dynamic’ suggests, this type of model can describe changing systems, 
especially non-linear systems that may not exhibit a true ‘steady state’, but the system 
may move from one state (e.g. fed) to another state (e.g. fasted). Michaelis-Menten 
equations are non-linear and are used extensively in dynamic models because these depict 
the influence of a wide variation in intake patterns, the resulting wide range in substrate 
levels and ultimately changes in production responses. Furthermore, Michaelis-Menten 
type equations are appropriate for dynamic models because most metabolic systems 
exhibit saturation kinetics and Michaelis-Menten type equations yield stable computer 
solutions (Baldwin 2002). 
 
In contrast to static and dynamic models, a third type of model is the kinetic model 
(Wastney et al. 1999). A kinetic model is generally used to describe a linear system in 
steady state. An example of such a model used in lactating dairy cows is when a 
radiotracer e.g. 45Ca was used to model the movement of endogenous body calcium 
(tracee) from one compartment to another (Ramberg et al. 1976). In this example, 
because such a small amount of 45Ca tracer was injected into the blood, the system was 
not perturbed, it remained at ‘steady state’ and linear kinetics applied. In contrast to this 
type of kinetic study, when an intravenous glucose tolerance test (IVGTT) is carried out, 
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 a substantial quantity of glucose is injected intravenously (usually 300 mg/kg) and causes 
a substantial increase in the concentration of blood glucose (Bergman et al. 1979; 
Bergman and Bowden 1981). Usually blood glucose may increase from a basal level of 
about 90 mg/dL to about 250 mg/dL. When blood glucose is substantially elevated, this 
causes release of insulin from the pancreas which in turn stimulates the movement of 
glucose back into tissues and a reduction in the rate of hepatic glucose production 
(Caumo and Cobelli 1993; Cobelli et al. 1986). The resulting pattern in plasma glucose 
concentration can be described by dynamic non-linear models, the best example being the 
Bergman Minimal Model (Bergman et al. 1979; Bergman and Bowden 1981). Although 
the Bergman Minimal Model of glucose is generally applied to model data from 
investigations in humans, it has also been used to model glucose kinetics in lactating 
cows (Boston et al. 2006). The author’s experience with Bergman’s non-linear, dynamic 
glucose model provided a solid basis upon which to build a dynamic non-linear model of 
ruminal lipolysis and BH described in Chapter 4 and the non-linear dynamic models of 
non-esterified fatty acid (NEFA) kinetics described in Chapter 7 and Chapter 8. 
 
The Bergman Model is in a sense, ‘Minimal’ because it employs a minimal set of 
assumptions and model parameters to enable a complete description of the trajectory of 
plasma glucose concentrations following an IVGTT. This use of a minimal or small 
number of parameters to describe a system recognizes the truth implicit in Occam’s razor 
or principle. Occam’s principle is that the explanation of any phenomenon should make 
as few assumptions as possible, eliminating those that make no difference in the 
observable predictions of the explanatory hypothesis or theory (Boehner P. 1990). 
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 Occam’s razor is often expressed in Latin as ‘lex parsimoniae’ or law of parsimony. This 
use of parsimony and simplification of concepts describing model structure is a feature of 
successful ruminant nutrition models (Baldwin 2002; Boston et al. 2002). 
 
A major aim of this thesis is to develop a complete ‘fat sub-model’ that could be 
incorporated into the ration formulation program CPM-Dairy. CPM-Dairy is a production 
model and consequently, a fat sub-model will also be an applied production model. At 
this juncture, a question that may occur to the reader is: If the proposed fat sub-model 
will necessarily be a production model, why then must we also consider dynamic non-
linear scientific models? One answer to this question was stated elegantly by Baldwin 
(2002): “Thus, we do not expect that research models per se will be used directly in 
applied animal agriculture, but do expect that mechanistic equations validated using 
research models will continue to be simplified and incorporated into applied models to 
increase their utility and correct systematic errors of prediction observed during the 
evaluation and use of applied models.”  
 
Although Baldwin made the above statement just five years ago, recent developments in 
modeling have made his prediction much less certain.  A version of Molly has now been 
developed which contains a user-friendly, ingredient-based input scheme (Hanigan et al. 
2005). Moreover, this latest version of Molly allows segmented, constrained, nonlinear, 
multi-objective, dynamic optimization, or in other words, it can be used to obtain a ‘least-
cost’ feed ration (Boston and Hannigan, 2005).  Similarly, Dexcel, in New Zealand, is 
developing another version of Molly targeted for direct field application on grazing dairy 
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 farms (Wastney. Pers. Comm.). Thus dynamic, mechanistic sub-models related to 
ruminal fatty acid transformations (Chapter 4) and lipolysis of NEFA from adipose tissue 
(Chapter 8) may also, at some future time, have application in these models. 
 
1.3  Steps in Building a Model 
Wastney et al. (1999) have presented a thoughtful description of how modeling fits an 
overall scientific/ experimental process especially in relation to the testing of hypotheses. 
They present the following thirteen steps as forming part of most modeling 
investigations, and indeed, twelve of these steps were involved in the modeling described 
in this thesis: 
 
Relationship between hypothesis, data and model. 
Wastney et al. (1999) assert that for complex biological systems, hypotheses often need 
to be translated into a mathematical model and that comparison of model predictions with 
observed data serves as a basis for rejection or acceptance of the hypothesis. 
 
Defining the system 
A system must be defined, the boundaries for the investigation set, and the inputs, outputs 
as well as areas of observation or types of available/ observable data identified. 
 
Identifying the purpose of the model 
The purpose of the model must be identified. In some cases, models may have multiple 
purposes. 
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 Locating and examining existing models. 
Models represent theories or hypotheses about the way systems function. It is important 
that new studies build upon information in earlier studies. Therefore scientific literature 
should be searched for models in the area under investigation and on this issue Wastney 
et al. (1999) state: “Only on rare occasions should models be developed de novo.” 
 
Developing an initial model. 
Wastney et al. (1999) provide an interesting discussion on how to develop 
kinetic/dynamic compartmental models involving just a small number of compartments. 
Their suggestions regarding these types of modeling strategies are incorporated in the 
modeling of ruminal lipolysis and BH described in Chapter 4, and into the modeling of 
plasma NEFA kinetics described in Chapters 7 and 8. 
 
Setting up model in form required by software.  
In this thesis, WinSAAM was used for the development and testing of dynamic models to 
describe the in vitro ruminal lipolysis and BH of fatty acids (Chapter 4) and for the 
testing and development of dynamic models to describe plasma NEFA kinetics in dairy 
cows (Chapters 7 and 8). Microsoft Office Excel (2003) spreadsheet program was used 
extensively for development of the static (Production) model to describe ruminal 
transformations of ingested fat and intestinal absorption of fatty acids (Chapters 2 and 3). 
STATA version 9.2 (STATA 2007; www.STATA.com) statistical software was used to 
develop regression equations to describe the production of individual milk fatty acids 
(Chapters 5 and 6).  
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 Simulating Experiments 
Wastney et al. (1999) recommend that before any experimental study is performed on a 
system, it is advisable first to simulate the experiment. In the work described in this 
thesis, there were no appropriate existing models, and this step was not possible. 
  
Obtaining data 
The aim of an experiment is to obtain data to enable either rejection of an hypothesis or 
determination that the data is consistent with the hypothesis. Wastney et al. (1999) point 
out that data need to be appropriate (i.e., obtained from the correct parts of the system), 
have minimal error, for there to be sufficient number of data points and that some 
knowledge is needed of the error in the data. 
 
In this thesis, considerable effort was expended in ascertaining if there were sufficient 
data within the scientific literature to develop a production model to describe ruminal 
transformations of fatty acids and intestinal absorption of long chain fatty acids (Chapter 
2) and the factors that influence the production of individual milk fatty acids (Chapters 5 
and 6). Since the methods employed to collect data are described in detail in subsequent 
chapters, further details on this issue will not be presented within this introduction. 
 
Comparing the experimental data with model 
Wastney et al. (1999) discuss the importance of comparing model predictions with 
experimental data in the context of time dependent dynamic/ kinetic models. There 
should be no systematic deviations of model predictions from data. They further discuss 
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 general procedures and techniques for fitting dynamic/ kinetic compartmental models. 
Additional discussion regarding the comparison of the predictions made from 
compartmental models with actual data can be found in Chapters 4, 7 and 8. 
 
Refining the model 
In any substantial modeling project, it is unlikely that the first model proposed for a 
system will fit all of the data. Data may need to be checked, and the structure of the 
model may need to be adjusted so that the model may reflect the features inherent in the 
data. In Chapter 8, the development of a novel model of plasma NEFA kinetics is 
described. In the development of this model, numerous alternative models were 
investigated over a period of two years before the final model was developed.  
 
Evaluating the model 
In the context of discussing kinetic/dynamic compartmental models, Wastney et al. 
(1999) recommend that once a model has been fitted to data, it needs to be evaluated with 
respect to how well the parameters are determined. For compartmental models, this type 
of evaluation usually involves examination of the magnitudes of the estimates of 
parameter standard deviations and of correlations between parameters. 
 
Wastney et al. (1999) did not discuss the evaluation of static production models, but there 
is an ample literature on the tools available to evaluate and validate predictions from such 
models. These tools include plots of predictions against observed values (Draper and 
Smith 1966); plots of error of prediction against predictions (St Pierre 2003); bias 
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 prediction (Dent and Blackie 1979), means square error of prediction (Theil 1966), and 
modeling efficiency (Mayer and Butler 1993). In the context of production models, 
evaluation and validation usually mean that the model in question is used to make 
predictions based on a data set (the validation dataset) which is independent of the dataset 
used to develop the model (the development dataset). In this thesis, once predictions were 
made on a validation dataset, a number of techniques were employed to gauge how well 
the model’s predictions were concordant with the measured data. These techniques 
included plots of residuals against model predictions, and regression of predictions 
against measured values with the determination of Pearson’s correlation coefficient and 
Lin’s concordance correlation coefficient (Lin 1989).  
 
Proposing new studies. 
Once a model has been developed, it should be tested under new conditions. In this 
thesis, the identification of gaps in our knowledge and the proposal of new studies are 
discussed in the concluding chapter.  
 
Publishing the model 
The final step of a modeling project is to publish the model and to make it available for 
other investigators to use. In this regard, Wastney et al. (1999) adopt a fairly narrow 
focus. The aim of the work described in this thesis is not just to publish a model in a 
scientific journal and thereby make it available to other investigators, but to develop a 
model that has a direct practical application in the field of dairy cow nutrition. Therefore, 
the proposed model must necessarily have features that would allow it to be incorporated 
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 into the CPM-Dairy ration formulation program. In this regard, there is an added 
responsibility on the researcher to ensure that all parameters within the fat sub-model 
must be accurately determined since the economic impacts will be immediate.  
 
1.4 Description of Lipids   
Lipids are biological chemicals that either do not dissolve in water or are poorly soluble 
in water. Lipids are an important component of feeds since on a dry matter basis, they 
contain about twice the energy content of either carbohydrate or protein. In the Proximate 
Analysis of Foods, ‘Ether Extract’ is the term used to describe lipid components of feeds 
(McDonald, et al. 1989). Ether extract fraction is determined by subjecting feed to a 
continuous extraction with petroleum ether. The residue after evaporation of the solvent 
is the ether extract. As well as true fat and fatty acids, it contains waxes, alkanes, organic 
acids, alcohols and pigments. 
 
In plants, lipids are of two types, structural lipids and storage lipids (Gurr 1984). 
Structural lipids are present in the membranes of cells and are present as a protective 
layer on the surface of leaves. Surface lipids are mainly waxes and alkanes while 
membrane lipids which are present in mitochondria, endoplasmic reticula and the plasma 
membrane, are mainly glycolipids and phospholipids. Many plants store reserves of 
energy in the endosperm of their seeds (e.g. sunflower seeds) or in their fruit exocarp 
(e.g. advocados). Palm for example, is a commercially significant tree which stores 
different types of oil in seed kernels and pericarp. Another classification system describes 
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 lipids as being either glycerol based or non-glycerol based (see Figure 1.1). However, 
these days, most dairy cow nutritionists focus on the fatty acid composition of feeds.  
Figure 1. 1  Classification of lipids. (After McDonald et al. 1989). 
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1.4.1 Fatty Acids 
In this thesis, the primary interest is in carboxylic fatty acids. Carboxylic fatty acids 
contain a methyl group, and a carboxyl group. The fatty acids in plant tissue and in milk 
contain predominantly an even number of carbon atoms, and the most common fatty 
acids contain 18 carbon atoms, while less common fatty acids contain 16 or 14 carbon 
atoms. There are a number of naming systems for long chain fatty acids. Common names 
were usually originally derived from the Latin name of the plant or animal from which 
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 the fatty acid was first derived. For example, acetic acid predominates in vinegar, caproic 
acid refers to goats, oleic acid to olive oil and vaccenic acid which is present in milk, is 
derived from vacca, the Latin name for cow. Table 1.2 lists the common names, 
systematic names, formulae and abbreviations for many fatty acids that commonly occur 
in plants, feedstuffs or cows’ milk. 
 
Table 1.2  Nomenclature of fatty acids. (Adapted from Wiseman,1984) 
 
Common name (systematic name) Formula Abbreviations used in 
this thesis 
Saturated fatty acids   
Acetic (Ethanoic) CH3COOH C2:0 
Propionic (Propanoic) C2H5COOH C3:0 
Butyric (Butanoic) C3H7COOH C4:0 
Caproic (Hexanoic) C5H11COOH C6:0 
Caprylic (Octanoic) C7H15COOH C8:0 
Capric (Decanoic) C9H19COOH C10:0 
Lauric (Dodecanoic) C11H23COOH C12:0 
Myristic (Tetradecanoic) C13H27COOH C14:0 
Palmitic (Hexadecanoic) C15H31COOH C16:0 
Stearic (Octadecanoic)  C17H35COOH C18:0 
Arachidic (Eicosanoic) C19H39COOH C20:0 
Mono-unsaturated fatty acids   
Myristoleic  (Δ9Tetradecenoic) C13H25COOH cis-9, C14:1 
Palmitoleic (Δ9 Hexadecenoic) C15H29COOH cis-9, C16:1 
Oleic  (Δ9 Octadecenoic) C17H33COOH cis-9, C18:1 
Elaidic  (Δ9t Octadecenoic) C17H33COOH trans-9, C18:1 
Vaccenic  (Δ11t Octadecenoic) C17H33COOH trans-11, C18:1 
Gondoic  (Δ11 Eicosenoic) C19H37COOH cis-11, C20:1 
Cetolic (Δ11 Docosenoic) C21H41COOH cis-11, C22:1 
Erucic  (Δ13 Docosenoic) C21H41COOH cis-13, C22:1 
Polyunsaturated fatty acids (PUFA)   
Linoleic  (Δ9,12  Octadecadienoic)  C17H31COOH cis-9, cis-12 C18:2 
γlinolenic  (Δ6,9,12 Octadecatrienoic)  C17H29COOH cis-6, cis-9, cis-12 C18:3 
α linolenic (Δ9,12,15 Octadecatrienoic)  C17H29COOH cis-9, cis-12, cis-15 C18:3 
Arachidonic (Δ5,8,11,14 Eicosatetraenoic) C19H29COOH C20:4 
EPA (Δ5,8,11,14,17 Eicosapentaenoic) C19H27COOH C20:5 
DHA (Δ4,7,10,13,16,19  Docosahexaenoic) C21H31COOH C22:6 
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 There are five main ways to name fatty acids. Common names are used frequently in 
every day use and by industry. Chemists usually use the nomenclature of the IUPAC 
(International Union of Pure and Applied Chemistry) (Hendrickson et al. 1970).  
 
Under the IUPAC nomenclature, alkyl carboxylic fatty acids are named after the longest 
continuous chain of carbon atoms. An ending of ‘anoic’ indicates that the fatty acid is 
saturated. An ending of ‘enoic’ indicates that the fatty acid has one double bond, 
‘dienoic’ indicates two double bonds and ‘trienoic’ indicates three double bonds. 
 
Under the IUPAC system, the carbon atoms are counted from the carboxyl end and all the 
double bonds are numbered and described as being either cis or trans. Another system 
which is often used by physiologists is similar to the IUPAC system in that the main part 
of the name is the same as that employed by IUPAC and the carbon atoms are numbered 
from the carboxyl end. However, in this second system the delta symbol (Δ) and numbers 
following this symbol, are used to indicate the position of cis carbon=carbon double 
bonds. Under this nomenclature, Δ9 octadecenoic indicates a double bond between the 9th 
and 10th carbon atoms. Thus α-linolenic, has a IUPAC name of cis-9, cis-12, cis-15 
octadecatrienoic acid, a systematic name of Δ9,12,15 octadecatrienoic, and a shorthand 
name of cis-9, cis-12, cis-15 C18:3.  
 
There is another commonly used nomenclature in which carbon atoms are numbered by 
letters of the Greek alphabet. The first carbon adjacent to the carboxyl group is 
designated α, the next β, and the last carbon ω. Thus, α-linolenic is referred to as linolenic 
acid 18:3 (n3), indicating that the third carbon to carbon bond from the methyl end of the 
17 
 molecule is a double bond. Fatty acids that have a double bond in this position are also 
called omega-3 fatty acids or ω-3 or Ω-3 fatty acids. In the agricultural scientific 
literature, it is not uncommon for two or three of these nomenclature systems to be used, 
even within a single scientific paper. In this thesis, either the common name or the 
abbreviations shown in Table 1.2 will be used in most instances.  
 
The presence of a double bond means the long chain fatty acids can exist in two forms.  
Where the hydrogen atoms are on the same side of the double bond, the acid is in the cis 
form.  When the hydrogen atoms are opposite one another, the acid is in the trans form.  
When fatty acids have no double bonds, they are designated saturated fatty acids.  Fatty 
acids containing one double bond are called monoenoic fatty acids and fatty acids with 
two or more double bonds are called poly unsaturated. Fatty acids with a double bond 
have lower melting points than saturated fatty acids of the same chain length, and 
additional double bonds decrease the melting point further.  In addition, cis isomers have 
a lower melting point than trans isomers. 
 
The branched-chain fatty acids consist of two main types.  Iso fatty acids contain a 
methyl group on the penultimate carbon distal to the carboxyl group.  Ante-iso fatty acids 
contain the methyl group on the pre-penultimate carbon.  Branched-chain fatty acids have 
lower melting points than straight chain fatty acids with the same number of carbon 
atoms. 
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 There are two acids (linoleic, and α-linolenic) that are regarded as essential fatty acids for 
animals.  These fatty acids form part of cell membranes, play a part in lipid transport and 
are involved in many enzyme systems.  Since animals cannot synthesize these fatty acids, 
they must be present in the diet.  However, grass contains substantial quantities of 
linoleic and α-linolenic and although a high proportion of these fatty acids may be 
hydrogenated (saturated) within the rumen, under most situations ruminants do not suffer 
from deficiencies of essential fatty acids. 
 
Conjugated linoleic acid (CLA) refers to a mixture of positional and geometric isomers of 
octadecadienoic acid with conjugated double bonds. The word conjugated refers to 
molecules where the carbon=carbon double bonds are separated by a carbon-carbon 
single bond. CLA can have double bonds at a number of positions, e.g.  9 and 11, 10 and 
12, or 11 and 13.  Dairy products are the major source of CLA in the human diet, and the 
major CLA in milk is cis-9, trans-11 CLA (Dhiman et al. 2005). 
 
 1.4.2 Fats and Oils 
Fats and oils share a similar chemical structure and differ from each other in that fats are 
solid at room temperature while oils are liquid. Fats and oils are esters of fatty acids with 
a tri-alcohol which is also called glycerol or glycerine. Therefore, fats and oils are often 
called triglycerides or triacylglycerols.  The structural formula of triglycerides is shown 
in Figure 1.2. The fatty acid composition of triglycerides determines their physical 
properties. Those with a high proportion of short chain and unsaturated fatty acids tend to 
be liquid while those with long-chain saturated fatty acids tend to be solids. Triglycerides 
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 undergo a reaction called hydrolysis or lipolysis in which the addition of three molecules 
of water allows the triglyceride molecule to split and form a glycerol molecule and three 
fatty acid molecules (Figure 1.2).  
 
Figure 1.2  Lipolysis of a triglyceride. The symbols Ra, Rb and Rc indicate three 
different alkyl chains. These chains can differ in the number of carbon atoms and number 
of double bonds.  
 
 
 
 
 
 
 
Lipolysis is promoted by acidic and basic conditions. It is also promoted in fresh-cut 
plants and crushed oil-seeds by plant lipases (Dierick 2002), in the rumen by plant and 
bacterial lipases (Dierick 2002; Harfoot 1978), in the intestine by pancreatic lipases 
(Moore and Christie 1984), and in animal body tissues by various lipase enzymes (Frayn 
et al. 1995; Ferranini et al. 1997). Rates of lipolysis of fats in the rumen and in body 
tissue are a central concern of this thesis. 
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 1.5. Definition of the System 
Definition of the system includes setting boundaries for the investigation, identifying 
inputs that can be used to drive the model, and outputs that are desired from the model. 
Further areas of observation or types of available/ observable data that can be used to 
build the model are defined.  
 
Figure 1.3 depicts the initial, overall conceptual model upon which the subsequent work 
of this thesis is based. The circles and rectangle represent specific fatty acids in a 
particular compartment (a chemical moiety or a physiological space). This introductory 
chapter will not examine in detail, the types of available data that were used to build the 
model, since these are discussed later. However, in Figure 1.3, the small triangles 
superimposed on some compartments indicate sites from which data were used either 
directly or indirectly to develop the model. The black arrows represent the movement of 
fatty acids between compartments. This is a simplified model in that many individual 
fatty acids are covered by this model. For the sake of clarity and simplicity, the stepwise 
BH of unsaturated fatty in the rumen is depicted by the broad arrow, and desaturation of 
fatty acids in the mammary gland is also depicted by a broad arrow. 
 
The main driver of this model is the daily intake of individual LCFA in the form of 
triglycerides. The main output from the model is the prediction of daily production of the 
main individual fatty acids in milk. This introductory chapter will not discuss in detail the 
main output of the model (the production of individual fatty acids) since this is done in 
detail in Chapters 5 and 6. 
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 Figure 1.3. A model to describe intake of dietary fat, ruminal lipolysis and 
biohydrogenation of long chain unsaturated fatty acids, ruminal de novo synthesis of fatty 
acids, intestinal absorption of rumen ‘by-pass’ or esterified fatty acids and of free fatty 
acids, transfer of absorbed fatty acids to milk and mobilization of adipose reserves to 
support milk fat production. The circles and rectangles represent fatty acids in specific 
compartments. The small triangles depict sites (compartments) from which data were 
collected to build this model. The black arrows represent movement of fatty acids 
between compartments. The broad arrow labeled ‘Ruminal Biohydrogenation’ depicts the 
stepwise biohydrogenation of unsaturated fatty acids in the rumen, while the broad arrow 
labeled ‘Desaturation’ refers to the desaturation of fatty acids in the mammary gland by 
the Δ9 desaturase enzyme. 
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 The main assumptions imbedded in this conceptual model are as follows: Consumed 
dietary fatty acids in the form of triglycerides enter the rumen. Triglyceride in the rumen 
can either pass out of the rumen or be lipolysed to produce free fatty acids. Unsaturated 
free LCFA in the rumen either pass out of the rumen or undergo BH to a more saturated 
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 form. Saturated LCFA acids in the rumen cannot be digested or absorbed into the blood 
from the rumen, but can only pass out of the rumen. In the rumen, bacteria utilizing 
fermentable carbohydrate may produce some LCFA de novo.  
 
After non-esterified or ‘free’ LCFA pass out of the rumen to the intestine, these may 
either be absorbed from the intestine into the blood, or pass from the intestinal tract to the 
feces. Similarly, rumen ‘by-pass’ LCFA (in the form of triglycerides) that pass to the 
intestine can either be absorbed into the blood or pass to the feces. Although abomasal 
acidity and intestinal lipases can be expected to hydrolyse much of the rumen ‘by-pass’ 
fat, the fat in some feeds, especially oil seeds with hard seed coats, might pass out in the 
feces. As FA pass through the ruminant intestinal enterocytes they are re-synthesized into 
triacylglycerols and phospholipids, and these are assembled into lipoprotein particles 
(mostly very low density lipoproteins) and chylomicra. The lipoproteins and chylomicra 
are then released into the lacteals of the lymphatic system and thence into the blood 
system. In the liver and adjacent to the endothelial surfaces of capillaries in adipose tissue 
and the mammary gland, triglycerides can be lipolysed to NEFA. NEFA can also enter 
the blood by the mobilization of triglyceride reserves in adipose tissue. From the blood, 
NEFA can be resynthesized to triglycerides in adipose tissue or the mammary gland or it 
can be oxidized as an energy source or used by the body for some other purpose such as 
the production of steroid hormones. In the mammary gland, short and medium chain 
length fatty acids (C4 – C15 and some C16) in milk are synthesized by chain elongation 
utilizing acetate and β-hydroxybutyrate as a primer. Preformed fatty acids (fatty acids 
with chain lengths greater than 16) are derived from fatty acids originating from the diet 
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 or mobilized from adipose tissue. Desaturation of fatty acids in the mammary gland is an 
important process that influences the composition of fatty acids in milk. In this regard, 
the Δ-9 desaturase enzyme causes substantial desaturation of stearic acid to oleic acid and 
of vaccenic acid to cis-9, trans-11, linoleic acid. 
 
1.5.1  Setting Boundaries for this Research 
Clearly, from Figure 1.3, the intake of dietary fat, and many metabolic processes can 
have a significant influence on the composition and quantity of milk fatty acids. In depth 
investigation of any one of these processes could take more than a life-time’s work. 
Further, at the outset, it was not known how much data was available on each of these 
processes. In particular, it was not known if there were data available to allow 
quantification of the rate constants describing the inter-compartmental flows of fatty 
acids or if there were data from which these rate constants could be estimated. However, 
it was recognized that an important part of modeling is the identification of gaps in our 
knowledge of a system. Accordingly, the boundaries for this research investigation were 
set to encompass all the processes depicted in Figure 1.3. It was also recognized that if 
gaps in our knowledge were identified, ways could be sought to simplify the model 
shown in Figure 1.3 and circumvent some of the problems caused by inadequate 
information. Alternatively, means of addressing the gaps in our knowledge could also be 
investigated. Indeed, the work carried out in Chapter 6 suggested a lack of quantitative 
information available regarding rates of lipolysis of adipose tissue. Accordingly, the work 
described in Chapters 7 and 8 was carried out in an attempt to develop a non-linear model 
that could be employed to estimate rates of lipolysis in adipose tissue. 
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 Identification of Inputs used to drive the Model 
Because it was proposed to use the dietary intake of individual fatty acids in feeds as the 
major driver of this model, early efforts were focused on establishing the fatty acid 
content of the common feeds fed to dairy cows. An exhaustive search of the scientific 
literature failed to find any existing published feed dictionary or comprehensive 
tabulation of the fatty acids in feeds. The fatty acid compositions of many individual 
feeds had been published in the scientific literature, but documentation of the variability 
in the concentrations of individual fatty acids was not found. Accordingly, in an effort to 
identify and quantify the major fatty acids present in common dairy feeds, data were 
collated from the scientific literature (Table 1.3). Table 1.3 presents the means and 
standard deviations for ether extract, total fatty acids, and individuals fatty acids (as a 
percentage of total fatty acids).  
 
A number of important matters were revealed from this initial examination of the 
scientific literature. Firstly, a comprehensive documentation of ether extract, total fatty 
acids and fatty acid profile could only be found for 120 feeds from 55 studies. Thus, 
although the fatty acid profile of many complete total mixed rations (TMR) had been 
reported in many articles, most articles did not describe the total fatty acid concentration 
or profile of fatty acids in individual feeds. 
 
Table 1.3.  Means (in bold font) and corresponding standard deviations (below the means in normal font) of ether extract (EE), total fatty 
acids (TFA) and individual fatty acids in common concentrate feeds fed to dairy cows. 
 
Feed EE * 
 
TFA 
 
N and 
[n]** 
TFA 
 
C12:0 C14:0 C16:0 C16:1 C18:0 C18:1c C18:1t C18:2 C18:3 Other References 
 % of 
DM 
% of 
EE 
 % of 
DM 
    % of  
TFA 
      
Corn seed 4.2 100 6 
[4] 
4.3 
1.9 
0.2 
0.4 
0.0 
0 
15.0 
2.3 
0.0 
0.1 
2.3 
0.6 
27.8 
3.6 
0.0 
 
52.0 
3.9 
0.7 
0.5 
1.9 
2.0 
12, 14, 25, 43, 50 
 
Soybean meal 2.3 92 4 
[3] 
2.1 
0.4 
0.1 
0.3 
0.2 
0.4 
22.4 
11.3 
0.0 
 
4.2 
0.7 
16.2 
5.6 
0.0 
 
46.4 
5.8 
6.3 
2.0 
4.0 
4.7 
12, 18, 34, 43 
Soybean raw 19.2 97 5 
[3] 
18.6 
5.5 
0.2 
0.5 
0.9 
1.5 
10.6 
1.8 
0.0 
 
3.2 
1.8 
22.2 
1.7 
0.0 
 
53.8 
3.8 
6.6 
1.5 
2.5 
2.7 
10, 34, 43, 44, 45 
Soybean extruded N.A. N.A. 2 
[2] 
15.9 
 
0.0 
 
1.8 
 
10.8 
 
0.0 
 
1.9 
 
20.4 
 
0.0 
 
57.2 
 
5.3 
 
2.6 
 
12, 44 
Soybean roasted N.A. N.A. 4 
[3] 
11.3 
0.5 
0.0 
 
2.6 
1.7 
8.2 
2.4 
0.0 
 
1.1 
2.2 
21.7 
1.9 
0.0 
 
57.5 
4.5 
3.3 
2.9 
5.6 
5.5 
34, 44 
Cottonseed whole 19.3 N.A. 2 
[0] 
N.A. 
 
0.0 
 
0.9 
 
25.3 
 
0.2 
 
2.5 
 
16.5 
 
0.0 
 
52.4 
 
0.1 
 
2.2 
 
12, 34 
Cottonseed roasted 19.3 N.A. 1 
[0] 
N.A. 
 
0.0 
 
1.2 
 
22.2 
 
1.0 
 
2.3 
 
18.6 
 
0.0 
 
54.4 
 
0.1 
 
0.2 
 
34 
Cottonseed extruded 19.3 99 1 
[1] 
19.1 
 
0.0 
 
0.0 
 
23.4 
 
0.5 
 
2.2 
 
16.5 
 
0.0 
 
57.4 
 
0.0 
 
0.0 
 
12 
Cottonseed meal 1.9 N.A. 1 
[0] 
N.A. 
 
0.0 
 
1.2 
 
23.5 
 
1.0 
 
3.0 
 
20.8 
 
0.0 
 
46.1 
 
4.4 
 
0.0 
 
34 
Tallow 99.8 88 18 
[6] 
87.7 
5.8 
0.0 
 
3.1 
1.2 
23.3 
5.3 
3.5 
1.5 
18.1 
3.3 
40.6 
5.7 
1.3 
1.8 
4.7 
3.6 
0.4 
0.4 
5.1 
5.9 
2, 3, 6, 9, 14, 17, 
20, 24, 28, 33, 36, 
37,  39, 40,  41, 
42, 45, 51  
Partially hydrogenated 
tallow 
99.5 86 8 
[4] 
85.8 
1.9 
0.1 
0.3 
2.2 
1.1 
24.6 
4.4 
0.9 
0.6 
44.9 
10.8 
12.0 
9.9 
7.4 
7.4 
1.1 
2.0 
0.5 
0.7 
6.3 
2.2 
11, 15, 17, 37, 41, 
42 
Prilled fat 99.2 N.A. 5 
[0] 
N.A. 
 
0.0 
 
2.9 
0.6 
40.0 
7.2 
0.62 
0.4 
40.7 
4.6 
10.4 
4.2 
0.4 
0.9 
1.8 
1.9 
0 
 
3.2 
4.3 
15, 16, 21, 27, 54 
Yellow grease N.A. N.A. 8 
[4] 
88.2 
10.8 
0.1 
0.2 
1.5 
0.6 
20.3 
3.1 
2.8 
2.1 
18.8 
23.1 
37.4 
15.7 
2.6 
4.3 
13.6 
6.9 
0.9 
0.3 
2.1 
2.9 
2, 3, 26, 36, 40, 
55 
Animal vegetable fat N.A. N.A. 6 
[1] 
88.7 
N.A 
2.9 
2.7 
1.8 
1.1 
22.6 
(3.9) 
1.8 
(1.8) 
11.4 
(4.7) 
33.4 
(2.7) 
0.9 
(2.3) 
22.0 
(5.6) 
1.5 
(0.6) 
1.7 
(1.9) 
24, 39, 49, 53, 55 
Megalac 84.5 100 6 
[3] 
84.4 
1.0 
0.2 
0.3 
1.6 
0.3 
50.8 
5.1 
0.0 
 
4.1 
0.4 
35.7 
4.6 
0.0 
 
7.0 
1.9 
0.2 
0.2 
0.8 
0.9 
16, 18, 21, 37, 40,  
53 
Fish oil N.A. N.A. 1 
[0] 
N.A. 
 
0 
 
7.1 
 
17.3 
 
10.7 
 
2.9 
 
12.8 
 
0 
 
0.9 
 
0.6 
 
47.7 
 
13 
Canola seed 42.6 100 4 
[2] 
46.9 
9.1 
0.0 
 
0.3 
0.5 
4.9 
1.0 
0.2 
0.2 
1.9 
0.7 
60.9 
0.6 
0.0 
 
18.3 
4.3 
8.5 
3.4 
5.1 
6.8 
1, 25, 35, 47 
Barley seeds 2.2 100 1 
[1] 
3.0 
 
0.0 
 
0.0 
 
12.1 
 
10.2 
 
1.4 
 
15.4 
 
0.0 
 
58.8 
 
2.0 
 
0.1 
 
12 
Sunflower seeds 41.9 93 4 
[3] 
38.8 
8.8 
0.0 
 
0.1 
0.1 
5.2 
1.5 
0.1 
0.2 
4.1 
0.2 
39.4 
34.3 
0.0 
0 
47.9 
32.3 
0.4 
0.2 
2.6 
1.3 
7, 46, 48 
Sugar beet pulp 1.1 91 1 
[1] 
1.0 0 
 
0.4 
 
32.3 
 
0 
 
3.3 
 
17.4 
 
0 
 
35.2 
 
4.1 
 
7.3 
 
49 
 
26 
 27 
 
Table 1.3. (continued)  Means (in bold font) and corresponding standard deviations (below the means in normal font) of ether extract (EE), 
total fatty acids (TFA) and individual fatty acids in forages fed to dairy cows. 
 
Feed EE * 
 
TFA 
 
N and 
[n]** 
TFA 
 
C12:0 C14:0 C16:0 C16:1 C18:0 C18:1c C18:1t C18:2 C18:3 Other References 
 % of 
DM 
% of 
EE 
 % of 
DM 
    % of  
TFA 
      
Corn silage 3.2 73 13 
[11] 
2.3 
0.3 
0.5 
1.3 
0.9 
1.8 
16.2 
2.1 
0.3 
0.6 
2.7 
0.8 
23.5 
4.6 
0 
0 
48.2 
7.0 
2.9 
1.4 
4.7 
5.8 
4, 7, 8, 10, 12, 18, 25, 
29, 31, 32, 33,  38, 46 
   Alfalfa hay 2.5 39 12 
[8] 
1.0 
0.4 
0.2 
0.9 
3.2 
5.7 
36.9 
7.8 
0.7 
1.2 
5.1 
1.3 
4.4 
1.5 
0.0 
0 
18.5 
4.6 
23.7 
9.8 
6.5 
10.3 
4, 7, 8, 12, 22, 25, 30, 
39, 33, 38, 43, 46 
Ryegrass hay 
 
2.0 31 1 
[1] 
0.6 
 
4.6 
 
3.3 
 
26.2 
 
1.7 
 
5.4 
 
11.0 
 
0.0 
 
18.4 
 
9.4 
 
20.0 
 
5 
Ryegrass immature 
 
2.8 21 1 
[1] 
0.6 
 
0.0 
 
0.0 
 
15.7 
 
0.0 
 
2.9 
 
4.0 
 
0.0 
 
17.9 
 
54.7 
 
4.8 
 
19 
Ryegrass senescent 
 
2.0 26 1 
[1] 
0.5 
 
0.0 
 
0.0 
 
23.8 
 
0.0 
 
5.4 
 
11.3 
 
0.0 
 
21.5 
 
24.0 
 
13.8 
 
19 
Ryegrass mature 
 
2.0 25 1 
[1] 
0.5 
 
0.0 
 
0.0 
 
19.6 
 
0.0 
 
5.8 
 
5.6 
 
0.0 
 
22.8 
 
43.8 
 
2.4 
 
19 
Meadow hay 
 
2.0 76 1 
[1] 
1.5 
 
0.0 
 
0.6 
 
29.6 
 
0.0 
 
5.5 
 
5.3 
 
0.0 
 
14.3 
 
39.4 
 
5.3 
 
49 
Orchard grass 
 
3.0 .95 1 
[1] 
2.9 
 
28.1 
 
3.9 
 
11.2 
 
2.8 
 
1.4 
 
1.1 
 
0.0 
 
10.2 
 
41.4 
 
0.0 
 
52 
Clover pasture 3.7 N.A. 1 
[0] 
N.A. 
 
0.0 
 
0.0 
 
8.9 
 
7.9 
 
2.8 
 
9.5 
 
0.0 
 
8.1 
 
58.9 
 
3.9 
 
22 
Barley seeds 2.2 100 1 
[1] 
3.0 
 
0.0 
 
0.0 
 
12.1 
 
10.2 
 
1.4 
 
15.4 
 
0.0 
 
58.8 
 
2.0 
 
0.1 
 
12 
Sunflower seeds 41.9 93 4 
[3] 
38.8 
8.8 
0.0 
 
0.1 
0.1 
5.2 
1.5 
0.1 
0.2 
4.1 
0.2 
39.4 
34.3 
0.0 
0 
47.9 
32.3 
0.4 
0.2 
2.6 
1.3 
7, 46, 48 
Sugar beet pulp 1.1 91 1 
[1] 
1.0 0 
 
0.4 
 
32.3 
 
0 
 
3.3 
 
17.4 
 
0 
 
35.2 
 
4.1 
 
7.3 
 
49 
* EE as documented by NRC(2001) 
** N and [n] are respectively  the number of data contributing to the mean of % individual fatty acids and to the mean of the total fatty acid 
concentration. 
References: 1 Aldrich et al. (1997); 2 Avila et al.(2000); 3 Brandt and Anderson. (1990); 4 Bremmer  et al. (1998); 5 Broudiscou et 
al.(1990); 6 Brown et al. (1962); 7 Casper et al. (1988); 8 Casper et al. (1990); 9 Chalupa et al. (1986);10 Christensen et al. (1998); 11 
Cottyn et al.(1989); 12 Dhiman et al. (1999); 13 Doreau and Chilliard (1997); 14 Elliot et al. (1993); 15 Elliot et al. (1994); 16 Elliot et al. 
(1996); 17  Elliot et al. (1999); 18 Ferlay et al. (1992); 19 Gerson et al. (1986); 20 Goodling et al. (1998); 21 Grummer et al. (1988); 22 
Harfoot (1978); 23 Hogan and Hogan (1976);24 Huffman et al. (1992); 25 Hussein et al. (1996); 26 Jenkins and Jenny (1989); 27 Jenkins 
and Jenny (1992); 28 Ju-Shin Pan and Berdanier (1991) ; 29 Kalscheur et al. (1997a); 30 Katz and Keeny (1966);31 Klusmeyer and Clark 
(1991); 32 Lightfield et al. (1993); 33 Maiga et al. (1995); 34 Mohamed et al. (1988); 35 Murphy et al. (1987); 36 Oldick et al. (1997); 37 
Palmquist (1991);38 Palmquist and Conrad (1978); 39 Palmquist and Conrad (1980); 40 Palmquist and Schanbacher (1991); 41 Pantoja et 
al. (1995); 42 Pantoja et al. (1996); 43 Perrier et al.(1992); 44 Reddy et al.(1994);45 Schauff et al. (1992); 46 Schingoethe et al. (1996); 47 
St. John et al. (1987); 48 Stegman et al. (1992); 49 Storry et al. (1973); 50 Sutton et al. (1970); 51 Vernon (1976); 52 Wu and Palmquist 
(1991); 53 Wu et al. (1991); 54 Wu et al. (1994); 55 Zinn (1989).
 Because it was intended that the proposed fat sub-model was to be incorporated into 
CPM-Dairy, the scarcity of data regarding the fatty acid composition of feeds highlighted 
the need for an intensive project to analyze common dairy feeds for ether extract, total 
fatty acids and the profile of the major individual fatty acids. Such a project was 
subsequently undertaken by Dr. Tom Jenkins of Clemson University and Mr. Kurt 
Cotanch and Dr. Charles Sniffen of The Miner Institute. The data from this latter project, 
along with the data in Table 1.3, were the basis upon which the fatty acid table in the feed 
dictionary of CPM-Dairy was constructed. 
 
The second important finding from this initial examination of the literature was that there 
were 10 main fatty acids or groupings of fatty acids in common dairy feeds. These fatty 
acids were generally described in the summarized articles as: C12:0, C14:0, C16:0, 
C16:1, C18:0, C18:1cis, C18:1trans, C18:2, C18:3 and ‘Other’. It was recognized that 
each unsaturated fatty acid in this list probably included a number of positional isomers. 
Thus, although a more accurate description of dietary fatty acids would have been 
preferred, data that provided greater detail were not published. 
 
The third important finding concerned the variation in the concentration of each 
individual fatty acid expressed as a percentage of total fatty acids. Table 1.3 shows that 
for many feeds, when the mean concentration of an individual fatty acid is more than 
approximately 20% (as a percentage of total fatty acids) the coefficient of variation, was 
often less than 20%. This observation suggested that fat in many individual feeds has a 
fairly fixed characteristic fatty acid profile. Thus different samples of corn silage for 
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 example, might differ in their total concentrations of ether extract and total fatty acids, 
but the profile of individual fatty acids would remain relatively fixed. Thus a feed 
dictionary containing profiles of the major fatty acids would serve a practical purpose in 
ration formulation. However, the variation in concentrations of total fatty acids and fatty 
acid profiles shown in Table 1.3 indicates that for ration formulation purposes, testing of 
feeds for total fatty acid content and fatty acid profile remains the benchmark definitive 
approach.  
  
As described in Chapter 2, development of the fat sub-model involved estimation of the 
fatty acid intake from individual feeds. However, in some diets in the model development 
data-set, the total fatty acid concentrations and fatty acid profiles of individual feeds were 
not described and in these cases, the mean data shown in Table 1.3 were used.  
 
1.5.3 Examination of Existing Models 
A search of the scientific literature failed to find any overall mathematical model or 
computer software that could predict, based on dietary factors as the major driver, the 
production of all the major individual milk fatty acids. However, a number of models 
have been published which describe various specific processes depicted in Figure 1.3.  
Most of these models are either of an overly simplistic nature, do not address many of the 
processes shown in Figure 1.3 and have features that preclude their easy incorporation 
into CPM-Dairy. 
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 At the outset of this work, the existing fat sub-model used in CNCPS and CPM-Dairy 
was based simply on ether extract (Sniffen et al. 1992; Boston et al. 2000; Fox et al. 
2000). Consequently, these models did not account for lipolysis of dietary fat, BH of 
unsaturated fatty acids or ruminal de novo synthesis of fatty acids. Further, the ether 
extract from all feeds was considered to have an intestinal absorption coefficient of 0.95. 
This absorption coefficient did not account for the fact that some fat sources, such as 
hydrogenated tallow, are known to be poorly absorbed (Jenkins and Jenny 1989; Pantoja 
et al. 1996). Further, an absorption coefficient of 0.95 is, as shown later, substantially 
higher than appropriate for most dietary fats. The ether extract basis for CNCPS and 
CPM-Dairy meant that a metabolic sub-model to predict the daily production of the 
major individual milk fatty acids could not easily be grafted onto these models.  
 
The NRC (2001) static production model includes a fat sub-model, and is discussed in 
Chapter 2. Hermansen (1995) presented a fairly simplistic production model based on 
regression equations to predict concentrations of a limited number of milk fatty acids, and 
this is discussed in Chapter 6. Shorten et al. (2004) presented a sophisticated, dynamic, 
mechanistic model to predict mammary fatty acid synthesis of a limited number of milk 
fatty acids, which is discussed in Chapter 6. 
 
Surprisingly, despite nearly 50 years of research into ruminal lipolysis and BH, there has 
been little progress in modeling these. Most research in this area has focused on 
identifying pathways by which the various LCFA are biohydrogenated. Much recent 
research has focused on identifying dietary components that lead to enhancement in 
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 production of various isomers of trans octadecenoic and of CLA. Quantification of the 
magnitudes of the rate constants governing these transformations does not appear to have 
been a focus of most investigations. However, Dijkstra et al. (2000) presented a succinct 
overview of a dynamic, mechanistic, rumen fat model, and this is also discussed in 
Chapter 2. Although the Dijkstra model has some interesting conceptual aspects, they did 
not present a complete parameterization of their model, and regrettably, there has been no 
subsequent publication about their model.  Recently, Ribeiro et al. (2006) presented a 
first order kinetic model to describe the in vitro ruminal BH of LCFA derived from 
alfalfa, and their model is discussed in Chapter 4. 
   
1.5 Concluding Remarks 
 
The development of a comprehensive model which could use information on diet 
composition and other factors to predict the fatty acid composition of milk has 
considerable potential economic and health consequences. However, to date, progress 
towards this overall goal has been limited. 
 
Figure 1.3 which depicts the overall conceptual model upon which this thesis is based, 
contains a large number of constructs to describe the many features and processes that 
must necessarily be considered in such a model. The work of this thesis attempts to 
integrate data and information about each of these processes into a single mathematical  
model. 
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 1.6.1 Structure and Logic of Thesis 
Chapter 2 presents the development and validation of a sub-model to describe ruminal  
lipolysis of dietary fats, ruminal transformations of individual  fatty acids, ruminal de 
novo production of fatty acids, and apparent intestinal absorption of individual fatty 
acids.  
 
In Chapter 3, the apparent absorption of total fatty acids from the diet, is the main metric 
used to establish further validation of the model developed in Chapter 2. 
 
In Chapter 4, a non-linear, dynamic compartmental model is developed to describe the in 
vitro lipolysis and BH of fatty acids. The motive for this work was not just the 
elucidation of the processes of lipolysis and BH, but also an independent estimation of 
parameters that describe lipolysis and BH. Information derived from this dynamic model 
should corroborate and to some degree validate the model developed in Chapter 2. 
 
The work described in Chapter 5 is essentially an exercise in collecting data concerning 
the concentrations of fatty acids in milk fat. Appendix I is a recent article in which 
calculations shown in Table 2 (performed by P. Moate) quantify the derivation of cis-9 
trans-11 CLA from 13C labelled vaccenic acid absorbed from the intestine. The 
calculations in the latter article used data on the amounts of 13C labeled vaccenic acid and 
13C labeled cis-9 trans-11 CLA  appearing in milk after abomasal infusion of 13C labeled 
vaccenic acid. These calculations indicated that approximately 33% of vaccenic acid 
absorbed from the intestine, was transferred to the mammary gland and approximately 
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 26% of this transferred vaccenic acid was desaturated in the mammary gland to cis-9 
trans-11 CLA. These calculations also indicated that approximately 80% of cis-9 trans-
11 CLA in milk fat is derived from vaccenic acid absorbed from the intestine. The 
findings from this work as well as findings in earlier work by Hermansen (1995), 
provided the concept that the amounts of individual fatty acids predicted to be absorbed 
from the intestine might be employed in multivariate regression equations to predict the 
production of various long chain fatty acids in milk. Chapter 6 describes how the model 
developed in Chapter 2 was used to predict the intestinal absorption of 10 major fatty 
acids and how these predictions along with other dietary and cow factors, were used to 
develop a model to predict production of 26 individual fatty acids in milk. 
 
In Chapter 6, days in milk (DIM) is identified as an important measure which  influences 
the predicted production of individual milk fatty acids. DIM was considered to provide an 
inaccurate proxy for the extent of mobilization of fatty acids from body reserves. 
However, there has been no simple technique for estimating the rate of lipolysis of 
adipose tissue in lactating dairy cows. In many experiments, loss in body condition score 
over an extended period of time, is the metric used to quantify lipolysis of adipose tissue 
(Kokkonen et al. 2005). Such a metric when derived over a time span of weeks, is 
inaccurate and inappropriate for providing an estimate of the rate of lipolysis on an hour 
to hour or day to day basis. Therefore, the lack of an accurate, simple and inexpensive 
technique to quantify the rate of lipolysis of adipose reserves was identified as being a 
major ‘gap’ in our knowledge.  
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 Recently, Thomaseth and Pavan (2003) presented a dynamic model of NEFA kinetics in 
women. Their model is an extension of the Bergman minimal model of glucose. It 
employs plasma concentrations of glucose and insulin apropos an IVGTT, to predict 
plasma concentrations of NEFA. Their model enables estimation of a number of kinetic 
parameters including a parameter related to lipolysis of adipose tissue. The Thomaseth 
model held promise as a tool to quantify rates of lipolysis in dairy cows, but there were 
no reports of such an application. Accordingly, Chapter 7 evaluates the Thomaseth model 
for describing plasma NEFA kinetics and predicting the rate of lipolysis in lactating dairy 
cows. 
 
In Chapter 7, it is shown that the Thomaseth Model of NEFA kinetics is unsuitable for 
predicting NEFA kinetics in lactating dairy cows. Accordingly, a new kinetic model of 
NEFA kinetics in lactating cows was developed and this is described in Chapter 8.  
 
1.6.2 Statements of Hypotheses 
In most scientific investigations, a researcher can often formulate a hypothesis in a very 
clear manner. Often the ‘Null’ hypothesis can be expressed as: Ho: Compared to a 
control treatment, treatment ‘X’ has no effect on the metric of interest. However, in 
regard to complex biological systems, hypotheses that are to be tested often need to be 
translated into a mathematical model. Comparison of model predictions with observed 
data serves as a basis for rejecting or accepting such an hypothesis. In this thesis, 
although the overall aim was to develop a comprehensive model to predict the production 
of the major individual fatty acids in milk, this overall model is composed of a number of 
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 sub-models or sub sections and it is in regard to these sub-models that six main research 
hypotheses (Hn:)  are proposed: 
 
H1: That a static model involving parameters to describe ruminal lipolysis, ruminal BH 
of LCFA and de novo production of fatty acids, can predict the duodenal flow of 
individual LCFA.  
 
H2: That simple absorption coefficients can be used to predict the apparent intestinal 
absorption of individual LCFA. 
 
H3: That rates of ruminal lipolysis and BH of LCFA, estimated from in vitro data by 
means of a dynamic scientific model, are consistent with rates of lipolysis and BH 
estimated from in vivo data. 
  
H4: That the amounts of individual LCFA predicted to be absorbed from the intestine can 
be employed to predict the production of individual fatty acids in milk. 
 
H5: That the dynamic kinetic model developed by Thomaseth and Pavan (2003) (which 
employs plasma concentrations of glucose, insulin and NEFA apropos the IVGTT) can 
be employed to accurately describe NEFA kinetics in lactating dairy cows. 
 
H6: That plasma concentrations of glucose apropos the IVGTT, can be employed to 
predict NEFA kinetics in lactating dairy cows.  
35 
 1.7 References 
Aldrich, C. G., N. R. Merchen, J. K. Drackley, S. S. Gonzalez, G. C. Fahey, Jr., and L. L. 
Berger. 1997. The effects of chemical treatment of whole canola seed on lipid and 
protein digestion by steers. J. Anim. Sci.75: 502-511. 
Avila, C. D., E. J. De Peters, H. Perez-Monti, S. J. Taylor, and R. A. Zinn. 2000. 
Influence of saturation ratio of supplemental dietary fat on digestion and milk 
yield in dairy cows. J. Dairy Sci. 83: 1505-1519. 
Baldwin, R. L., J. France, D. E. Beever, M. Gill, and J. H. M. Thornley. 1987a. 
Metabolism of the lactating cow. III. Properties of mechanistic models suitable 
for evaluation of energetic relationships and factors involved in the partition of 
nutrients. J. Dairy Res. 54: 133-145. 
Baldwin, R. L., J. France, M. Gill. 1987b. Metabolism of the lactating cow. I. Animal 
elements of a mechanistic model. J. Dairy Res. 54: 77-105. 
Baldwin, R. L., J. H. M. Thornley, and D. E. Beever. 1987c. Metabolism of the lactating 
cow. II. Digestive elements of a mechanistic model. J. Dairy Res. 54: 107-131. 
Baldwin R. L. 2002. Models in nutritional research. Pages 2372-2378 in Encyclopedia of 
Dairy Science. Vol 4. Hubert Roginski, John W. Fuquay and Patrick Fox, eds. 
Elsevier Science Ltd., London, United Kingdom. 
Bauman, D. E. and J. M. Griinari. 2003. Nutritional Regulation of Milk Fat Synthesis. 
Ann. Rev. Nutr. 23:203-227. 
Bergman R.N., and C. R. Bowden. 1981. The Minimal Model Approach to 
Quantification of Factors Controlling Glucose Disposal in Man. Pages 269-296 in 
Carbohydrate Metabolism. Wiley. NY. 
36 
 Bergman R.N.,  Y. Z. Ider, C. R. Bowden, and C. Cobelli. 1979. Quantitative estimation 
of insulin sensitivity. Am. J. Phys. 236: E667-677. 
Bhattacharya, A, J. Banu, M. Rahman, J. Causey, and G. Fernandes. 2006 Biological 
effects of conjugated linoleic acids in health and disease. J. Nutr. Biochem.7: 789-
810. 
Boston,  R. C., Z. Dou, and W Chalupa. 2002. Models in nutritional management. Pages 
2378-2389 in Encyclopedia of Dairy Science. Vol 4. Hubert Roginski, John W. 
Fuquay and Patrick Fox, eds. Elsevier Science Ltd., London, United Kingdom. 
Boston, R. C., D. G. Fox, C. Sniffen, E. A Janczewski, R. Munson, and W. Chalupa. 
2000. The conversion of a scientific model describing dairy cow nutrition and 
production to an industry tool: the CPM Dairy project. Pages 361-377. in 
Modeling Nutrient Utilization In Farm Animals. J. P. McNamara, J.  France, D. 
Beever, eds. CABI Publishing. New York, NY. 
Boston, R. C., and M. D. Hanigan. 2005. Segmented, constrained, nonlinear, multi-
objective, dynamic optimization methodology applied to the dairy cow ration 
formulation problem in a situation where some of the constraints may be 
discontinuous. Pages 257-274 in Nutrient Digestion and Utilization in Farm 
Animals: Modelling Approaches. E. Kebreab, J. Dijkstra, A. Bannink, W. Gerrits, 
and J. France, eds. CAB International, Wallingford, United Kingdom. 
Boston, R. C., P. J. Moate and D. Stefanovski. 2006. Modeling the glucose challenge in 
dairy cows. Can. J. Anim. Sci. 86: Abstract. P569. 
 
 
37 
 Brandt, R. T., and S. J.  Anderson. 1990. Supplemental fat source affects feedlot 
performance and carcass traits of finishing yearling steers and estimated diet net 
energy value. J. Anim. Sci. 68: 2208-2216. 
Bremmer, D. R., L. D. Rupert, J.H. Clark, and J. K. Drackley. 1998. Effects of chain 
length and unsaturation of fatty acid mixtures infused into the abomasum of 
lactating dairy cows. J. Dairy Sci. 81:176-188. 
Broudiscou, L., C. J. van Nevel, and D. I. Demeyer. 1990. Effect of soya oil hydrolysate 
on rumen digestion in defaunated and refaunated sheep. Anim. Feed Sci. Technol. 
30:51-67. 
Brown, W.H., J. W. Stull, and H. Scott. (1962). Fatty acid composition of milk. I. Effect 
of roughage and dietary fat. Pages 191-196 in Arizona Agricultural. Experimental 
Station Technical Paper No.699. 
Cant, J. P., E. J. DePeters, and R. L. Baldwin. 1993. Mammary amino acid utilization in 
dairy cows fed fat and its relationship to milk protein depression. J.  Dairy Sci. 76: 
762-774. 
Casper, D. P., D. J. Schingoethe, R. P. Middaugh, and R. J. Baer. 1988. Lactational 
responses of dairy cows to diets containing regular and high oleic acid sunflower 
seeds. J. Dairy Sci. 71:1267-1274. 
Casper, D. P., D. J. Schingoethe, and W. A. Eisenbeisz. 1990. Response of early lactation 
cows to diets that vary in ruminal degradability of carbohydrates and amount of 
fat. J. Dairy Sci. 73:425-444. 
38 
 Caumo A, and C. Cobelli. 1993. Hepatic glucose production during labeled IVGTT: 
estimation by deconvolution with a new minimal model. Am. J. Phys.- 
Endocrinology & Metabolism. 264:E829-E841. 
Chalupa, W., B.Vecchiarelli, A. E, Elser, D. S. Kronfeld, D. Sklan and D. L. Palmquist. 
1986. Rumen fermentation in vitro as influenced by long chain fatty acids. J. 
Dairy Sci. 69: 1293-1301. 
Christensen, R. A., J. H. Clark, J.K. Drackley, and S. A. Blum. 1998. Fatty acid flow to 
the duodenum and milk from cows fed diets that contained fat and nicotinic acid. 
J. Dairy Sci. 81:1078-1088. 
Cobelli, C., G. Pacini, G.Toffolo, and L. Sacca. 1986. Estimation of insulin sensitivity 
and glucose clearance from minimal model: new insights from labeled IVGTT. 
Am. J. Phys.  Endocrinology & Metabolism. 250:E591-E598. 
Cottyn, B. G., L. O. Fiems and C. V. Boucque.1989. Characteristics of hydrolysed fat and 
lard and their effect on diet digestibility in sheep and bulls. J. Anim. Physiol. 
Anim. Nutr. 62:215-224. 
Davis, C.L., and R. E. Brown. 1970. Low-fat milk syndrome. Pages 545-65 in Physiology 
of Digestion and Metabolism in the Ruminant, Editor. A. T. Phillipson, ed. Oriel, 
Newcastle upon Tyne, United Kingdom. 
Dent, J. B., and M. J. Blackie. 1979. Model evaluation. Pages 94-117 in Systems 
Simulation in Agriculture. Applied Science Publishers Ltd., London, United 
Kingdom. 
39 
 Dhiman, T. R., E.D. Helmink, D. J. McMahon, R. L. Fife and M. W. Pariza. 1999. 
Conjugated linoleic acid content of milk and cheese from cows fed extruded 
oilseeds. J. Dairy Sci. 82:412-419. 
Dhiman, T. R., S. H. Nam, and A. L. Ure. 2005. Factors affecting conjugated linoleic 
acid content in milk and meat. Critical Reviews Food Science and Nutrition. 
45:463-482. 
Dierick, N.A., Decuypere, J.A. 2002. Endogenous lipolysis in feedstuffs and compound 
feed for pigs: effects of storage time and conditions and lipase and/or emulsifier 
addition. Anim. Feed Sci. Technol. 102, 53-70. 
Dijkstra, J., W. J. Gerrits, A. Bannick and J. France. 2000. Modelling lipid metabolism in 
the rumen. Pages 25-36 in Modelling Nutrient Utilization In Farm Animals. J. P. 
McNamara, J. France and D. Beever, eds. CABI Publishing. New York, NY. 
Doreau, M. and Y. Chilliard. 1997. Effects of ruminal or post-ruminal fish oil 
supplementation on intake and digestion in dairy cows. Reprod. Nutr. Dev. 
37:113-124. 
Draper, N., and H. Smith. 1966. Applied Regression Analysis. John Wiley & Sons, Inc., 
New York, NY. 
Elliott, J. P., J. K. Drackley, D. J. Schauff, and E. H. Jaster. 1993. Diets containing high 
oil corn and tallow for dairy cows during early lactation. J. Dairy Sci. 76:775-89. 
Elliott, J. P., T. R. Overton, and J. K. Drackley. 1994. Digestibility and effects of three 
forms of mostly saturated fatty acids. J. Dairy Sci. 77:789-98. 
40 
 Elliott, J. P., J. K. Drackley, and D. J. Weigel. 1996. Digestibility and effects of 
hydrogenated palm fatty acid distillate in lactating dairy cows. J. Dairy Sci. 1996. 
79:1031-9. 
Elliott, J. P., J. K. Drackley, A. D. Beaulieu, C. G. Aldrich, and N. R. Merchen. 1999. 
Effects of saturation and esterification of fat sources on site and extent of 
digestion in steers: digestion of fatty acids, triglycerides, and energy. J. Anim. Sci. 
77:1919-29. 
Ferlay, A., Y. Chilliard and M. Doreau. 1992. Effects of calcium salts differing in fatty 
acid composition on duodenal and milk fatty acid profiles in dairy cows. J. Sci. 
Food Agric. 60:31-37. 
Ferrannini, E. S., S. Camastra, S. W. Coppack, D. Flisher, A. Golay, and A. Mitrakou. 
1997. Insulin action and non-esterified fatty acids. Proc. Nutr. Soc. 56: 753-761. 
Fox, D. G., C. J. Sniffen, J. D. O’Connor, J. B. Russell, and P. J. Van Soest. 1992. A net 
carbohydrate and protein system for evaluating cattle diets: III. Cattle 
requirements and diet adequacy. J. Anim. Sci. 70:3578-3596. 
Fox, D.G., Tylutki, P.P., Van Amburgh, M.E., Chase, L.E., Pell, A.N., Overton, T.R.,  
Tedeschi, L.O.,  Rasmussen, C.N., Durbal, V.M., 2000. The net carbohydrate and 
protein system for evaluating herd nutrition and nutrient excretion. Model 
Documentation- Animal Science Mimeo 213. Department of Animal Science, 
Cornell University. 130 Morrison Hall, Ithaca, New York 14853-4801. 
Frayn, K. N., S. W. Coppack, B. A. Fielding, and S. M. Humphreys. 1995. Coordinated 
regulation of hormone-sensitive lipase and lipoprotein lipase in human adipose 
41 
 tissue in vivo: implications for the control of fat storage and fat mobilization. 
Advances in Enzyme Regulation. 35: 163-178. 
Gerson, T., A. John, and A. S. King. 1986.Effects of feeding ryegrass of varying maturity 
on the metabolism and composition of lipids in the rumen of sheep. J. Agric. Sci., 
Camb. 106:445-448. 
Goodling, L. E., and R. R. Grummer. 1998. Effects of post-ruminal protein on fatty acid 
digestibility in dairy cows. J. Dairy Sci. 81:1624-1629. 
Grummer, R. R. 1988. Influence of prilled fat and calcium salt of palm oil fatty acids on 
ruminal fermentation and nutrient digestibility. J. Dairy Sci. 71:117-123. 
Gurr, M. I. 1984. The chemistry and biochemistry of plant fats and their nutritional 
importance. Pages 3-22. in Fats In animal Nutrition. J. Wiseman, ed. 
Butterworths, London, United Kingdom. 
Hanigan, M. D., H. G. Bateman, J. G. Fadel, J. P. McNamara, and N. E. Smith. 2005. An 
ingredient-based input scheme for Molly. Pages 328–348 in Nutrient Digestion 
and Utilization in Farm Animals: A Modelling Approach. E. Kebreab, J. Dijkstra, 
A Bannink, W. Gerrits, and J. France, eds. CAB International, Wallingford, 
United Kingdom. 
Harfoot, C. G. 1978. Lipid metabolism in the rumen.  Prog. Lipid Res.17:21-54. 
Hendrickson, J. B., D. J. Cram and G. S. Hammond. 1970. Appendix. Nomenclature of 
organic compounds. Pages 1149-1180 in Organic Chemistry. Third Edition. Z. Z. 
Hugus, D. W. Margerum, J. H. Richards and P. E. Yankwich, eds. McGraw-Hill 
Book Company, New York, NY. 
42 
 Hermansen, J. E. 1995. Prediction of milk fatty acid profile in dairy cows fed dietary fat 
differing in fatty acid composition. J. Dairy Sci. 78:872-879. 
Hogan, J. P. and R. M. Hogan 1976. The evaluation of formaldehyde-treated sunflower 
seed-casein supplement as a source of linoleic acid for ruminant lipids. Aust. J. 
Agric. Res. 27:129-138. 
Huffman, R. P., R. A. Stock, M. H. Sindt, and D. H. Shain. 1992. Effect of fat type and 
forage level on performance of finishing cattle. J. Anim. Sci. 70: 3889-3898. 
Hussein, H. S., N. R. Merchen, and G. C. Fahey. 1996. Effects of chemical treatment of 
whole canola seed on digestion of long-chain fatty acids by steers fed high or low 
forage diets. J. Dairy Sci. 79:87-97. 
Jenkins, T. C. and B. F. Jenny. 1989. Effect of hydrogenated fat on feed intake, nutrient 
digestion, and lactation performance of dairy cows. J. Dairy Sci. 72:2316-2324. 
Jenkins, T. C. and B. F. Jenny. 1992. Nutrient digestion and lactation performance of 
dairy cows fed combinations of prilled fat and canola oil. J. Dairy Sci. 75:796-
803. 
Ju Shin Pan, and C. D. Berdanier. 1991. Effect of dietary fat on adypocyte insulin binding 
and glucose metabolism in BHE rats. J. Nutr. 121:1811-1819. 
Kalscheur, K. F., B. B. Teter, L. S. Piperova, and R. A. Erdman. 1997a. Effect of dietary 
forage concentration and buffer addition on duodenal flow of trans-C18:1 fatty 
acids and milk fat production in dairy cows. J. Dairy Sci. 80:2104-2114. 
Katz, I., and M. Keeney. 1966. Characterization of the octadecenoic acids in rumen 
digesta and rumen bacteria. J. Dairy Sci. 49:962-966. 
43 
 Klusmeyer, T. H., and J. H. Clark. 1991. Effects of dietary fat and protein on fatty acid 
flow to the duodenum and in milk produced by dairy cows. J. Dairy Sci. 74:3055-
3067. 
Kokkonen, T., J. Taponen, T. Anttila, L. Syrjala-Qvist, C. Delavaud, Y. Chilliard, M. 
Tuori, and A. T. Tesfa. 2005. Effect of body fatness and glucogenic supplement 
on lipid and protein mobilization and plasma leptin in dairy cows. J. Dairy Sci. 
88: 1127-1141. 
Lightfield, K. D., R. J. Baer, D. J. Schingoethe, K. M. Kasperson and M. J. Brouk. 1993. 
Composition and flavour of milk and cheddar cheese higher in unsaturated fatty 
acids. J. Dairy Sci. 76:1221-1232. 
Lin L. K. 1989. A concordance correlation coefficient to evaluate reproducibility. 
Biometrics 45:255-268. 
Mayer, D. G., and D. G. Butler. 1993. Statistical validation. Ecol Model. 68:21-32. 
Maiga, H. A., D. J. Schingoethe, and F. C. Ludens. 1995. Evaluation of diets containing 
supplemental fat with different sources of carbohydrates for lactating dairy cows. 
J. Dairy Sci. 78:1122-1130. 
McDonald, P., R. A. Edwards and J. F. D. Greenhalgh. 1989. Chapter 1: The animal and 
its food. Pages 1-7. in Animal Nutrition. John Wiley & Sons, Inc. New York, NY. 
Mohamed, O. E., L. D. Satter, R. R. Grummer and F. R. Ehle. 1988. Influence of dietary 
cottonseed and soybean on milk production and composition. J. Dairy 
Sci.71:2677-2688. 
44 
 Moore, J. H., and W. W. Christie. 1984.Digestion, absorption and transport of fats in 
ruminant animals. Pages 123-149 in Fats In Animal Nutrition. J. Wiseman, ed. 
Butterworths, London, United Kingdom. 
Mosley, E. E., B. Shafii Dagger, P. J. Moate, and M. A. McGuire. 2006. cis-9, trans-11 
conjugated linoleic acid is synthesized directly from vaccenic acid in lactating 
dairy cattle. J. Nutr. 136:570-575. 
Mozaffarian, D., M. B. Katan, A. Ascherio, M. J. Stampfer, and W. C. Willett. 2006. 
Trans fatty acids and cardiovascular disease. The New England J. Med. 345:1601-
1613. 
Murphy, M., P. Udén, D. L. Palmquist, and H. Wiktorsson. 1987. Rumen and total diet 
digestibilities in lactating cows fed diets containing full-fat rapeseed. J. Dairy Sci. 
70:1572-1582. 
National Research Council. 2001. Nutrient Requirements of Dairy Cattle (7th Rev. 
Ed.).Subcommittee on Dairy Cattle Nutrition, committee on Animal Nutrition, 
Board on Agriculture and Natural Resources, National Research Council,  
National Academy Press, Washington D.C. 
Oldick, B. S., C. R. Staples, W. W. Thatcher, and P. Gyawu. 1997. Abomasal infusion of 
glucose and fat--effect on digestion, production, and ovarian and uterine functions 
of cows. J. Dairy Sci. 80:1315-28. 
Palmquist, D. L. 1991. Influence of source and amount of dietary fat on digestibility in 
lactating cows. J. Dairy Sci. 74:1354-1360. 
Palmquist, D. L. and H. R. Conrad. 1978. High fat rations for dairy cows. Effects on feed 
intake, milk and fat production, and plasma metabolites. J. Dairy Sci. 61:890-901. 
45 
 Palmquist, D. L., and H. R. Conrad. 1980. High fat rations for dairy cows. Tallow and 
hydrolysed blended fat at two intakes. J. Dairy Sci. 63:391-395. 
Palmquist, D. L. and F. L. Schanbacher. 1991. Dietary fat composition influences fatty 
acid composition of milk fat globule membrane in lactating cows. Lipids 26:718-
722. 
Pantoja, J., J. L. Firkins and M. L. Eastridge. 1995. Site of digestion and milk production 
by cows fed fats differing in saturation, esterification, and chain length. J. Dairy 
Sci. 78:2247-2258. 
Pantoja, J., J. L. Firkins, and M. L. Eastridge. 1996. Fatty acid digestibility and lactation 
performance by dairy cows fed fats varying in degree of saturation. J. Dairy Sci. 
79:429-437. 
Pariza, M. W., Y. Parks, and M. E. Cook. 1999. Conjugated linoleic acid and the control 
of cancer and obesity. Toxicol Sci. 51 :(2 Suppl):107-110. 
Perrier, R., B. Michalet-Doreau, D. Bauchart, and M. Doreau. 1992. Assessment of an in-
situ technique to estimate the degradation of lipids in the rumen. J. Sci. Food 
Agric. 59:449-455. 
Ramberg, C. F., G. P. Mayer, D. S. Kronfeld, and J. T. Potts, J. T.1976. Dietary calcium, 
calcium kinetics and plasma parathyroid hormone concentration in cows. J. Nutr. 
106: 671-679. 
Reddy, P. V., J. L. Morrill, and T. G. Nagaraja. 1994. Release of free fatty acids from raw 
or processed soybeans and subsequent effects on fiber digestibilities. J. Dairy Sci. 
77:3410-3416. 
46 
 Ribeiro, C. V., M. L. Eastridge, J. L. Firkins, N. R. St-Pierre and D.L. Palmquist. 2007. 
Kinetics of fatty acid biohydrogenation in vitro. J. Dairy Sci. 90:1405-1416. 
Schauff, D. J., J. P. Elliot, J. H. Clark, and J. K. Drackley. (1992). Effects of feeding 
lactating dairy cows diets containing whole soybeans and tallow. J. Dairy Sci. 
75:1923-1935. 
Schingoethe, D. J., M. J. Brouk, K. D. Lightfield and R. J. Baer. 1996. Lactational 
responses of dairy cows fed unsaturated fat from extruded soybeans or sunflower 
seeds. J. Dairy Sci. 79:1244-1249. 
Shorten, P. R., T. B. Pleasants, and G. Upreti. 2004. A mathematical model for mammary 
fatty acid synthesis and triglyceride assembly: the role of stearoyl CoA desaturase 
(SCD). J. Dairy Res. 71:385-397. 
Sniffen, C. J., J. D. O’Connor, P. J. Van Soest, D. G. Fox, and J.B. Russell. 1992. A net 
carbohydrate and protein system for evaluating cattle diets: II Carbohydrate and 
protein availability. J. Anim. Sci. 70:3562-3577. 
St. John, L. C. and S. B. Smith. 1987. Fatty acid elongase and desaturation activities in 
bovine liver and adipose tissue microsomes. J. Anim. Sci. 64: 1441-1447. 
St. Pierre, N. R. 2003. Reassessment of biases in predicted nitrogen flows to the 
duodenum by NRC 2001. J. Dairy Sci. 86:344-350. 
Stata. 2007. Stata Statistical Software. Release 9.2 Stata Corporation, College Station, 
Texas. 
Stefanovski, D., P. J. Moate, and R. C. Boston. 2003. WinSAAM: A windows-based 
compartmental modeling system. Metabolism. 52:1153-1166. 
47 
 Stegman, G. A., R. J. Baer, D. J. Schingoethe and D. P. Casper. 1992. Composition and 
flavour of milk and butter from cows fed unsaturated dietary fat and receiving 
bovine somatotrophin. J. Dairy Sci. 75:962-970. 
Storry, J. E., A. J. Hall and V. W. Johnson. 1973. The effects of increasing amounts of 
dietary tallow on milk-fat secretion in the cow. J. Dairy Research 40:293-299. 
Theil, H. 1966. Measuring the accuracy of point predictions. Pages 15-36 in Applied 
Economic Forecasting. North Holland publishing Company. Amsterdam, 
Netherlands. 
Thomaseth, K. and A. Pavan. 2003. Model-based analysis of glucose and free fatty acid 
kinetics during glucose tolerance tests. Pages 21-40. in Mathematical modeling in 
nutrition and toxicology. J. L. H. and. C. D. Berdanier, eds. Mathematical Biology 
Press, Athens, Georgia. USA. 
Sutton, J. D., J. E. Storry and J. W. G. Nicholson. 1970. The digestion of fatty acids in 
the stomach and intestines of sheep given widely different rations. J. Dairy Res. 
37:97-105. 
Vernon, R. G. 1976. Effect of dietary fats on ovine adipose tissue metabolism. Lipids 
11:662-669. 
Wastney, M. E, B. H. Patterson, O. A. Linares, P. C. Greif, and R. C. Boston. 1999. 
Investigating Biological Systems Using Modeling - Strategies and Software. 
Academic Press, San Diego, CAL. 
Wiseman, J. 1984. Fats In Animal Nutrition. Butterworths, London. United Kingdom. 
48 
 Wu, Z., O. A. Ohajuruka, and D. L. Palmquist 1991. Ruminal synthesis, 
biohydrogenation, and digestibility of fatty acids by dairy cows. J. Dairy Sci. 
74:3025-3034. 
Wu, Z., and D. L. Palmquist. 1991. Synthesis and biohydrogenation of fatty acids by 
ruminal microorganisms in vitro. J. Dairy Sci. 74:3035-3046. 
Wu, Z., J. T. Huber, S. C. Chan, J. M. Simas, K. H. Chen, J. G. Varela, F. Santos, C. 
Fontes, and P. Yu. 1994. Effect of source and amount of supplemental fat on 
lactation and digestion in cows. J. Dairy Sci. 77:1644-1651. 
Zinn, R. A. 1989. Influence of level and source of dietary fat on its comparative feeding 
value in finishing diets for steers: feedlot cattle growth and performance. J. Anim 
Sci. 67:1029-1037. 
 
 
 
 
49 
 Chapter 2.  
A Model to Describe Ruminal Metabolism and 
Intestinal Absorption of Long Chain Fatty Acids. 
 
The work described herein has been published as: 
Moate, P. J., W. Chalupa, T. C. Jenkins, and R. C. Boston. 2004. A model to describe 
ruminal metabolism and intestinal absorption of LCFA in dairy cows. Animal Feed 
Science and Technology. 112:79-105. 
 
2.1 Abstract 
A sub-model developed within the structure of the CPM-Dairy system predicts ruminal 
metabolism and intestinal absorption of fat in dairy cows. Data from 36 dietary 
treatments in eight published experiments that reported intakes and flows (g/d) of long 
chain fatty acids (LCFA) to the duodenum and to feces were used to estimate rate 
constants and develop equations in the model.  Similar data on 36 diets from another 
eight published papers were used to validate the model. Fat from each feed ingredient is 
specified in terms of its content of the major lipid components: glycerol, pigment and ten 
LCFA (C12:0, C14:0, C16:0, C16:1, C18:0, C18:1cis, C18:1trans, C18:2, C18:3 and 
‘Cother’).  Dietary fat is assumed to exist mainly in the form of triglycerides.  In the 
rumen, fat is either lipolysed (defined as enzymatic cleavage of ester linkages and 
dissociation of salts of fatty acids) or escapes the rumen to the small intestine in the non-
lipolysed form. Estimated rates of lipolysis are presented for fats from 27 different feeds.  
The lipolysis rates for fat from corn silage, alfalfa silage, ground corn, alfalfa hay, 
ground-roasted soybeans, hydrogenated tallow and calcium salts of palm fatty acid 
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 distillate (Ca-PFAD) were 500, 500, 309, 65, 35, 18 and 6.3 %/h respectively. Ca-PFAD 
was the only ingredient that showed appreciable protection against lipolysis. Lipolysed 
LCFA undergo biohydrogenation (BH) in a stepwise process: C18:3 → C18:2 → C18:1t  
→ C18:0; C18:1c  → C18:0; C16:1→ C16:0. At each step, the specific LCFA either 
undergoes BH or passes out of the rumen. The estimated mean BH rates for C16:1, 
C18:1cis, C18:1trans, C18:2 and C18:3 were 39.3, 27.4, 22.8, 87.6 and 244 %/h, 
respectively. In addition, within the rumen, small amounts of C16:0, C16:1, C18:0 and 
COther LCFA are produced de novo from dietary carbohydrate.  Specific intestinal 
digestion coefficients are used to describe the absorption of each of the 10 major LCFA in 
both the lipolysed and non-lipolysed forms.  Digestion coefficients for most LCFA were 
generally in the range 0.7- 0.9. For total LCFA and for the majority of individual LCFA, 
the model showed good concordance between measured and predicted duodenal flows 
and also for measured and predicted intestinal absorption. The quantity of specific LCFA 
absorbed from the intestines can influence milk fat percentage and fertility. This model 
will allow nutritionists to more accurately formulate dairy cow rations in terms of fat, and 
to examine productivity in terms of individual LCFA. 
 
Key words 
Fat, rumen, model, lipolysis, biohydrogenation, absorption 
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 2.2 Introduction 
CPM-Dairy and CNCPS have a rumen sub-model that provides quantitative estimates of 
the metabolizable energy and metabolizable protein values of feed ingredients (Boston et 
al. 2000; Fox et al.2000).  However, these models consider dietary lipid as a single entity, 
they ignore the transformation processes that affect dietary lipid in the rumen, they 
generally have a very simplistic treatment of de novo production of fat within the rumen, 
they use a single value for fat digestion and they have no framework on which to build a 
metabolic model which could be used for example, to predict the low milk fat syndrome 
of dairy cows or the LCFA composition of milk.   
 
The overall aim of this work was to develop a quantitative model of the main ruminal and 
digestive processes affecting the principal long chain fatty acids consumed by lactating 
dairy cows.  
2.3 Methodology 
2.3.1  Model Structure 
This fat model was designed as a sub-model for CPM-Dairy, with a general structure and 
mathematical equations consistent with the equations present in CPM-Dairy. The fat 
model focuses on the major LCFA (C12:0, C14:0, C16:0, C16:1, C18:0, C18:1cis, 
C18:1trans, C18:2, C18:3 and Cother) (see Table 2.1). In this paper, LCFAi is used to 
signify each of these specific LCFA. Acronyms used to describe various aspects of the 
sub-model, their definitions and units are listed in Table 2.1.  The sub-model considers 
six processes which influence the amounts of the major lipid fractions that are absorbed 
from the intestines of dairy cows: 
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 1. intake of dietary lipid 
2. ruminal lipolysis of dietary lipid 
3. BH of LCFA in the rumen 
4. de novo production of LCFA in the rumen 
5. ruminal passage of LCFA 
6. intestinal absorption of LCFA 
 
2.3.2  Data for Model Development 
Data used to develop this model came mainly from eight published experiments in which 
dairy cows were fed a diverse range of feeds and a wide range in intakes of LCFA 
(Murphy et al. 1987; Keele et al. 1989; Klusmeyer et al. 1991; Wu et al. 1991; Pantoja et 
al. 1994, 1996; Tice et al. 1994 and Kalscheur et al. 1997a, 1997b).  All cows, except 
those in the experiment of Keele et al. (1989) were lactating.  The cows had mean (±S.D.) 
bodyweights of 578 ± 70 kg and DMI of 18.4 ±3.7 kg/d.  These experiments collectively 
involved 27 common dietary ingredients in 36 diets (Table 2.2).  Daily intakes, duodenal 
flows and fecal outputs of the major LCFA were reported in all eight papers.  Additional 
data on the concentrations of total LCFA and on the profiles of LCFA in common dairy 
feeds were obtained from the scientific literature.  The duodenal flows of individual 
LCFA (DLCFA) had with the exception of those from the experiment by Wu et al. 
(1991), been estimated using Cr as a marker.  In contrast, Wu et al. (1991) reported 
DLCFA based on an alkane marker.  The DLCFA from the Wu et al. (1991) experiment 
appeared anomalous and for this reason, we recalculated these DLCFA using the 
published Cr recoveries for this experiment (Ohajuruka et al. 1991). 
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 Table 2.1 Acronyms, their units and definitions used in the fat sub-model 
Acronym Unit Definition 
ABRLCFAij decimal1 Absorption coefficient for RFLCFAij 
ABRNLCFAij decimal1 Absorption coefficient for RNLCFAij 
BHLCFAij g/d RFLCFAij that is produced by biohydrogenation 
BW kg Body weight 
C12:0  Dodecanoic acid (Lauric acid) 
C14:0  Tetradecanoic acid (Myristic acid) 
C16:0  Hexadecanoic acid (Palmitic acid) 
C16:1  Hexadecanoic acid (Palmitoleic acid) 
C18:0  Octadecanoic acid  (Stearic acid) 
C18:1c  Octadecenoic acid  cis isomers (includes Oleic acid 
and other positional isomers) 
C18:1t  Octadecenoic acid trans isomers (includes Elaidic 
acid, Vaccenic acid and other positional isomers) 
C18:2  Octadecadienoic acid (includes linoleic acid, 
conjugated linoleic acid and other positional isomers) 
C18:3  Octadecatrienoic acid (includes α-linolenic and 
 γ-linolenic acids)  
Cother  LCFA other than those listed above and with more 
than 12 carbon atoms. 
DLCFAi g/d Rumen Free FAi flowing to the duodenum 
DIETEEj g/d Intake of ether extract from the jth feed 
DIETLCFAij g/d Intake of FAi from the jth feed 
DIETTLCFAj g/d Intake of total long chain fatty acids from the jth feed 
DIGLCFAi g/d Fai that is absorbed from the gastro-intestinal tract 
DMIj kg/d Dry matter intake from jth feed 
EEj  % Ether extract in the dry matter of the jth feed 
EETLCFAj % The total LCFA in the ether extract of the jth feed 
FAi  This refers to the 10 major LCFA in this submodel. 
FAij % TLCFA FAi in the jth feed.  
FLCFAi g/d FAi in feces 
Kj %/h Maximum rate of lipolysis for jth feed 
Kb161 %/h Rate constant for biohydrogenation of C16:1 to 
C16:0 
Kb181c %/h Rate constant for biohydrogenation of C18:1c to 
C18:0 
Kb181t %/h Rate constant for biohydrogenation of C18:1t to 
C18:0 
Kb182 %/h Rate constant for biohydrogenation of C18:2 to 
C18:1t 
Kb183 %/h Rate constant for biohydrogenation of C18:3 to 
C18:2 
Klipj %/h Rumen lipolysis rate of jth feed 
Kpj %/h Rumen passage rate of jth feed 
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Table 2.1 (continued) Acronyms, their units and definitions used in the fat sub-model 
Acronym Unit Definition 
LCFA  Long chain fatty acid 
LCFA%j  The % of the total diet that is LCFA from the jth feed 
RFLCFA16:1 g/d Free C16:1 produced in the rumen by lipolysis of 
dietary lipid 
RFLCFA16:0 g/d Free C16:0 produced in the rumen by lipolysis and 
biohydrogenation of C16:1 
RFLCFA18:0 g/d Free C18:0 produced in the rumen by lipolysis and 
biohydrogenation of unsaturated C18 LCFA 
RFLCFACOther g/d Free COther produced in the rumen by lipolysis of 
dietary lipid 
RFLCFAij g/d FAi that is “lipolysed” in the rumen from the jth feed 
RNLCFAij g/d FAi from the jth feed that escapes the rumen ‘un-
lipolysed’ 
RpC16:0 g/d Ruminally de novo produced C16:0 
RpC16:1 g/d Ruminally de novo produced C16:1 
RpC18:0 g/d Ruminally de novo produced C18:0 
RpCOther g/d Ruminally de novo produced Cother 
TotalRFLCFAj g/d Total RFLCFA produced in the rumen as a result of 
lipolysis of the jth feed 
 
 
2.3.3  Model Development 
Equations describing intake, duodenal flow and fecal outputs of all the major fatty acids 
and total LCFA in the 36 experimental diets referred to above (Table 2.2) were coded into 
a Microsoft Windows 98 Excel spreadsheet.  
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Table 2.2 Summary of data used to develop the fat sub-model.  The data are from 8 studies 
reporting intakes and flows of total LCFA to the duodenum and feces (g/cow/d) 
Author Treatmenta Intake Duodenum Feces 
Kalscheur et al.1997a Low Fibre –Buffer 954 1288 314 
 Low Fibre + Buffer 996 1131 241 
 High Fibre – Buffer 789 916 206 
 High Fibre + Buffer 811 946 222 
Kalscheur et al. 1997b Control 721 955 249 
 HOSO 1287 1553 426 
 HLSO 1259 1470 399 
 PHVS  1219 1410 421 
Keele et al. 1989 Control 197 198 40 
 6.7% SB 241 273 70 
 12.7% SB 279 314 87 
 12.7% Cottonseed 375 335 89 
 25.3% Cottonseed 615 454 152 
Klusmeyer et al. 1991 SBM – CSFA 641 751 186 
 FM – CSFA 634 760 151 
 SBM + CSFA  1339 1440 312 
 FM + CSFA  1328 1443 312 
Murphy et al. 1987 Control 358 419 35 
 Rapeseed (1 kg) 704 772 123 
 Rapeseed (2kg) 1037 1036 243 
Pantoja et al.1994 Control 426 438 128 
 ST-SH 1194 1060 662 
 T-SH 1175 b 1126 397 
 AV-LF 1301 b  1260 447 
 AVF-SH 1096 1109 387 
 AVF-HF 1287 1227 454 
Wu et al. 1991 Control 431 480 c 99 c 
 CSFA (Low) 908 902 c 157 c 
 CSFA (High) 1236 1219 c 281 c 
 AV (Low) 819 879 c 175 c 
 AV (High) 1145 1135 c 311 c 
Tice et al. 1994 Control 837 775 227 
 Intact raw SB 921 953 471 
 Intact roasted SB 1023 1008 412 
 Cracked roasted  SB 1034 987 424 
 Ground roasted SB 985 956 244 
Average  878 927 265 
aAV = Animal vegetable fat; PHVS = Partially hydrogenated vegetable shortening; CSFA = 
Calcium salts of fatty acids; SB = Soybeans; SBM = Soybean meal; FM = Fish meal; HOSO = 
High Oleic Sunflower oil ; HLSO =  High linoleic Sunflower oil; ST-SH = 5% saturated tallow, 
40% forage and 20% soy hulls; T-SH =5% Tallow, 40% forage and 20% soy hulls; AV-LF = 5% 
AV, 40% forage and no soy hulls; AVF-SH. = 5% AV, 40% forage and 20% soy hulls; AVF-HF 
= 5% AV, 60% forage and no soy hulls.  
b Due to possible errors in reported values, these were recalculated from reported raw data. 
 c Data recalculated on basis of Cr recovery instead of alkane recovery (Ohajuruka et al. 1991). 
 2.3.4  Intake of LCFA 
Dietary intakes (g/d) of specific fatty acids (DIETLCFA) were estimated by summing the 
products of dietary dry matter intake (kg/d) of each feed (DMI) and the LCFA 
concentrations in each feed (g/kg DM).  For concentrations of specific LCFA in feeds, we 
used the values reported in the publications, and when concentrations were not reported, 
we used values obtained from the scientific literature.  For some diets, this resulted in 
small discrepancies between reported and model estimates of the intakes of specific 
LCFA.  To overcome this, we used the Solver in Microsoft Excel to ‘adjust’ the fatty acid 
composition of feeds within an experiment so as to minimize the sums of squares of the 
differences between the reported and model estimates of specific LCFA intakes. 
 
2.3.5  Flow of LCFA to the Duodenum 
The flow of LCFA to the duodenum is quite different from intake of LCFA. Thus, we 
needed to develop equations to describe lipolysis, BH and de novo synthesis of LCFA.   
Lipolysis of dietary fat is a necessary step before BH of LCFA can take place (Harfoot 
1978). We noticed that many of the feeds in the diets shown in Table 2.2, contained 
relatively high proportions of C18:3, yet less than 5% of the dietary C18:3  flowed to the 
duodenum. Furthermore, we could find no evidence in the scientific literature for the 
ruminal production of C18:3.  Therefore, we assumed that the disappearance of dietary 
C18:3 from duodenal flow must reflect the extent of lipolysis of fats in feeds and the 
extent of BH of C18:3. We therefore used the duodenal flow of C18:3 as the basis for 
estimating the rates of lipolysis of individual feedstuffs and for the BH of C18:3. Initially 
we simply guessed the rates of lipolysis, the BH rate and the moderating factors for the 
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 BH of C18:3 and then simultaneously refined these ‘guestimates’ by using the Excel 
solver to minimize the sums of squares of the differences between reported and model 
estimates of the duodenal flows of C18:3. When using the solver, we employed boundary 
constraints to ensure positive rate constants and parameter values within realistic ranges. 
 
2.3.6  Intestinal Absorption of LCFA 
The final part of the process involved modeling the intestinal absorption of individual 
LCFA. Most of the LCFA flowing to the small intestine are in the form of free fatty acids 
(RFLCFA) that are produced by lipolysis in the rumen, but there are also fatty acids that 
were not lipolysed in the rumen (RNLCFA) and fatty acids that were produced de novo in 
the rumen (RPLCFA).  
 
Initially we assumed that the absorption of a specific LCFA arriving at the duodenum 
could be described by a single fraction. We therefore carried out regression analyses 
relating the amount of specific LCFA apparently absorbed in the intestines to the 
duodenal flow of that LCFA.  From this analysis we theorized that the intestinal 
absorption of specific LCFA could be better described by using separate coefficients to 
describe the intestinal absorption RFLCFA plus RPLCFA and RNLCFA. Starting with our 
regression coefficient estimates of absorption of LCFA, we used the Excel solver to 
optimize these absorption coefficients by minimizing the sum of squares of the 
differences between the model predictions and the reported fecal flows of specific LCFA.  
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 2.4  Model Components 
 
2.4.1  Partition of Dietary Lipid 
 
In previous versions of CPM-Dairy and CNCPS, dietary fat in the form of ether extract 
(EE) was considered as a single entity (Sniffen et al. 1992). However, in addition to 
LCFA, EE contains glycerol and pigment. From a nutritional point of view, LCFA are the 
most important fraction.  The following equations are used to calculate the dietary intake 
(g/d) of the various specific LCFA contained in each feed (j). 
jjj EEDMIDIETEE ••= 10       [1] 
 
jjj EETLCFADIETEEDIETTLCFA ••= 01.0     [2] 
   
ijjij LCFADIETTLCFADIETLCFA %01.0 ••≡     [3] 
 
Where DIETEEj is the intake (g/d) of ether extract in the jth feed, DMIj is the dry matter 
intake (kg/d) from the jth feed, EEj  is the percentage of ether extract in the jth feed, 
DIETTLCFAj is the intake (g/d) of total LCFA in the jth feed, EETLCFAj is the 
percentage of ether extract in the jth feed that is LCFA, DIETLCFAij is the intake (g/d) of 
the ith LCFA in the jth feed and LCFA%ij is the percentage of the total LCFA in the jth 
feed that is the ith LCFA.  
 
We assume that LCFA are generally present in feeds not as free LCFA, but in the form of 
mono, di or triglycerides, glycolipids or as calcium salts of LCFA. We group the trihydric 
alcohol part of the glyceride and glycolipid molecules and the sugar residue from 
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glycolipids into a fraction designated GLYCEROL. Triglycerides are 10% glycerol so the 
GLYCEROL fraction cannot be greater than 0.11* DIETTLCFAj nor can it be greater than 
DIETEEj  - DIETTLCFAj .The remaining fraction of the ether extract, which is mainly 
pigment, waxes, alkanes and steroids, is referred to collectively as PIGMENT. PIGMENT 
is calculated as DIETEEj  - (DIETTLCFAj + GLYCEROLj).  PIGMENT is assumed 
present only when DIETEEj is greater than 1.11*DIETTLCFAj. It is assumed that 
PIGMENT has no nutritional value and that it is completely excreted in feces. 
 
2.4.2  Ruminal Lipolysis and Biohydrogenation 
Nutrients entering the rumen can only disappear from the rumen by two routes; by 
digestion or by passage. CPM-Dairy employs the model of Waldo et al. (1972) to define 
rumen digestibility (RD) as the specific rate (%/h) of rumen digestion (Kd) divided by the 
specific rate (%/h) of disappearance due to digestion and passage (Kd + Kp): 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
+= KpKd
KdRD         [4] 
 
       
Variable passage rates provide a method for estimating variations in ruminal digestibility 
as feed intake changes. As feed intake increases, rates of passage increase and the extent 
of ruminal digestion is reduced (Sniffen et al. 1992).  
 
In this model, rate of lipolysis (Klip) and rates of BH (Kb) of individual fatty acids 
replace Kd in the above equation. It is generally considered that most of the lipid present 
in the rumen is associated with food particles (Harfoot, 1978), and in this model, we 
 assume that dietary lipid components pass out of the rumen at the same rate as the feed 
ingredients from which they were derived. 
 
2.4.2.1  Lipolysis of Dietary Fat 
When ruminants consume and ruminate feeds, much of the intracellular lipid is released 
(Harfoot and Hazlewood, 1999). However, lipids are generally hydrophobic and the 
majority of lipid in the rumen is attached to feed particles and in particular, to fiber 
(Harfoot, 1978).  It is this lipid on the surface of fiber particles that is subject to lipolysis 
by extracellular lipases that, in the main, are released into rumen fluid by bacteria.  We 
use the term “lipolysis” to refer to the liberation in the rumen of LCFA in feed 
ingredients. This includes enzymatic hydrolysis of acylester linkages in triacylglycerols, 
phospholipids, galactosylglycerides and sterol esters and the dissociation of calcium salts 
of fatty acids. We define fatty acids arising from lipolysis as rumen free long chain fatty 
acids (RFLCFA) and fatty acids that were not lipolysed as rumen non-lipolysed long 
chain fatty acids (RNLCFA).   
 
In the case of triacylglycerols, complete lipolysis must involve at least three steps, since 
intermediary di- and monoacylglycerols are produced.  However, in vitro studies have 
shown that the hydrolysis of the triacylglycerol appears to be the rate limiting step and 
that the hydrolysis of the di and monoacylglycerides occurs at very fast rates (Noble et al. 
1974; Moore and Christie 1984). Therefore, in the model, ruminal lipolysis is treated as if 
it occurs by a single step.   
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 Ruminant feeds usually contain lipids with a diverse profile of LCFA, and these LCFA 
may have different chain lengths and degrees of saturation and be in the form of different 
positional or geometric isomers.  Dietary triaglycerols can, therefore, be quite diverse in 
their composition, since each molecule could contain any combination of the dietary 
LCFA.  We speculated that various classes and types of triaglycerols may have very 
different lipolysis rates, but this aspect of ruminal lipolysis does not appear to have been 
extensively researched.  Accordingly, in the absence of evidence to the contrary and 
invoking the principal of parsimony, we assume that for each feed, a single rate of 
lipolysis (Klipj) applies to all of the lipid fractions in that feed.  
 
The approach of Waldo et al. (1972) was extended to describe the extent of lipolysis. The 
following equation calculates the amounts of LCFA in feeds that are “lipolysed.” 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
+•= jj
j
ijij KpKlip
Klip
DIETFARFLCFA      [5] 
 
Where RFLCFAij is the amount (g/d) of ith LCFA in the jth feed that is lipolysed or 
converted to a free form in the rumen, DIETLCFAij (g/d) is the intake (g/d) of the ith 
LCFA in the jth feed, Klipj (%/h) is the rate of lipolysis of the jth feed and Kpj (%/h) is 
the rate of passage of the jth feed. 
  
In the above equations, for a given feed, j, we have described lipolysis by a simple rate 
constant.  However, there is evidence that for some lipids (tallow in particular), the rate 
of lipolysis may depend upon the concentration of lipid in rumen fluid (Beam et al. 
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 2000). We took account of this by the use of moderating factors to adjust the Klipj in 
response to different levels of total fatty acids from the jth feed in the total diet: 
 ( )jjjj LCFALExpKKlip %•−•=       [6] 
 
Where Klipj (%/h) is the rate of lipolysis of the jth feed adjusted for LCFA%j which is the 
percentage of the total diet that is LCFA from the jth feed, Kj (%/h) is the maximum rate 
of lipolysis of the jth feed and Lj is a lipolysis factor of the jth feed that adjusts for the 
affect of LCFA%j on lipolysis. When L = 0, Klip = K. 
 
The amount of lipolysed LCFA that is produced in the rumen from the jth feed (RFLCFA) 
is calculated by summing across individual fatty acids.   
∑
=
=
n
i
ij RFLCFARFLCFA
1
       [7] 
Furthermore, the total amount (g/d) of lipolysed LCFA produced in the rumen as a result 
of lipolysis is calculated by summing RFLCFAj across all feeds. 
∑
=
=
n
j
jRFLCFAATOTALRFLCF
1
      [8]     
In the rumen, the majority of RFLCFA are bound to feed particles, but some RFLCFA is 
taken up by ruminal micro-organisms and may be partially converted back to polar lipid.  
Thus, in this model, the term RFLCFA includes free RFLCFA and microbial lipid.  
 
Although the majority of dietary lipid undergoes lipolysis in the rumen, some lipid may 
resist lipolysis and escape from the rumen still in an esterified form or as a calcium salt.  
The following equation describes the amount of this lipid fraction from the jth feed that 
escapes lipolysis in the rumen: 
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ijij KpKlip
Kp
DIETLCFARNLCFA      [9] 
Where RNLCFAij is the amount (g/d) of the ith LCFA in the jth feed that escapes from the 
rumen unlipolysed, DIETLCFAij (g/d) is the intake (g/d) of the ith LCFA in the jth feed, 
Kpj (%/h) is the rate of passage of the jth feed  and Klipj (%/h) is the rate of lipolysis of 
the jth feed.  
 
Rates of ruminal lipolysis varied depending on the feed ingredient (Table 2.3). It is 
readily apparent that most feeds have high in vivo rates of lipolysis and are therefore 
extensively lipolysed in the rumen.  Some feeds were only present in a small number of 
experiments and diets, and the parameter values for these feeds must be taken with 
caution.  For all feeds with the exception of tallow, the L adjustment parameter is equal to 
zero, and for these feeds, Klip is equal to K. However, even at an inclusion level of 5% of 
ration dry matter, 92% of tallow fatty acids are lipolysed. 
 
The Klip for corn silage, alfalfa silage and alfalfa haylage are very high and this may 
indicate that the fat in these feeds readily undergoes lipolysis in the rumen or that in these 
feeds, perhaps because of the ensiling process, much of the lipid may already be in the 
form of RFLCFA.  For the remaining feeds, we propose that the Klip values probably 
reflect physical factors which influence the rate at which lipid is released from the 
particular feed and made available for lipolysis.  For example, the Klip  for hays (alfalfa, 
pasture and orchard grass) appears generally much lower than that for silage, and this 
could be explained by the fact that the dryness and fiber content of these feeds may be 
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 expected to impede the rupture of plant cells and hence the release of intracellular lipid 
out into the rumen fluid.  
Table 2.3 Lipolysis of fat in feed ingredients 
Feed  Expsa Dietsb Kc Ld Klipe Lipolysis 
(%)f 
Corn silage 6 28 500 0 500 99 
Alfalfa silage 3 16 500 0 500 99 
Alfalfa haylage 3 12 479 0 479 99 
Alfalfa hay 1 5 65 0 65 93 
Pasture hay 1 5 9 0 9 64 
Orchardgrass hay 1 3 3 0 3 38 
Corn 1 3 35 0 35 83 
Corn (ground) 6 26 309 0 309 98 
Barley 1 5 29 0 29 81 
Soy hulls 1 4 17 0 17 77 
Cottonseed (whole) 1 2 500 0 500 99 
Rapeseed (crushed) 1 2 500 0 500 99 
Soybean meal 4 19 500 0 500 99 
Soybean (extruded) 2 2 29 0 29 81 
Soy plus 2 8 15 0 15 68 
Soybean (whole-intact, raw) 1 1 9 0 9 56 
Soybean (whole-intact, roasted) 1 1 16 0 16 70 
Soybean (cracked, roasted) 1 1 26 0 26 79 
Soybean (ground, roasted) 1 1 35 0 35 83 
Fish meal 1 2 23 0 23 77 
Sunflower oil 1 2 52 0 52 88 
Tallow 1 1 500 0.37 79-500g 92 - 99g 
Animal Vegetable 2 6 392 0 392 98 
Hydrogenated fat 1 1 18 0 18 77 
Megalac (Ca-PFAD) h 3 5 6 0 6 47 
a Number of experiments in data-set with this feed 
b Number of diets in data set with this feed 
c K is the lipolysis rate (%/h) without correction for the effects of level of fatty acid from 
the ingredient 
d L is the constant that describes the effect of level of fatty acid from the ingredient on K 
e Klip (%/h) = K * Exp (-L * TLCFA%) where TLCFA% is the % of the total diet that is 
LCFA from the feed ingredient 
f Klip/( Klip + Kp ) assuming Kp = 7%/h for concentrates and 5%/h for forages 
g Tallow fatty acids at 0.1 to 5.0% of dry matter intake 
h Calcium salts of palm oil fatty acid distillate 
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 The Klip for corn is reasonably high, and this may reflect that, in most of the 
experiments, the corn would have been crushed or ground and the corn lipid would 
therefore have been readily available for lipolysis. Furthermore, Dierick and Decuypere 
(2002) have recently shown that for most cereal grains that have been crushed and stored 
for about two months, up to 60% of the LCFA may be in a lipolysed form as a result of 
the activity of endogenous lipases. Similarly, the lipid in crushed rapeseed could also be 
expected to be readily available for lipolysis.  The limited data for whole, cracked and 
ground soybeans are also consistent with the argument that the Klip are a function of the 
degree to which the lipid in a particular feed is physically accessible by the lipase in 
rumen fluid and also to the extent of endogenous lipolysis that might have occurred 
during storage prior to feeding (Dierick and Decuypere, 2002).  On the other hand, intact 
cottonseed is generally hard and on first inspection, the Klip for whole cottonseed appears 
anomalously high. However, Jenkins (pers. com.) has recently found that in many 
samples of cottonseed, the LCFA may comprise more than 98% of the ether extract. This 
suggests that a substantial amount of the ether extract in cottonseed must be in the form 
of free or non-esterified LCFA. Another explanation for the high Klip for cottonseed is 
that whole cottonseed is almost always fed with lint, and it can be expected that linted-
cottonseed would become entrapped in the rumen mat, be extensively ruminated and 
therefore, the lipid in cottonseed would become readily exposed to the lipases in ruminal 
fluid. Yet another possible explanation is that this observation may be artifactual, since 
the direct esterification procedure for total FA, extracts FA more completely than does 
the EE procedure (Palmquist and Jenkins 2003). The heating of soybeans had little affect 
on lipolysis. Megalac (calcium salts of palm oil fatty acid distillate) was the only fat 
supplement that showed appreciable resistance to lipolysis (53%). 
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There is little information available on in vivo ruminal rates of lipolysis.  Dawson et al. 
(1974) obtained radioactively labeled grass by growing perennial ryegrass in a growth 
chamber with 14CO2.  When this labeled grass was incubated in the rumen of a sheep, 
approximately 70% of the monogalactosyldiglycerides and 50% of the digalactosyl 
diglycerides disappeared within one hour.  As well as this study, there are a number of 
other experiments where lipolysis has been studied in vitro (Harfoot and Hazlewood 
1999).  Beam et al. (2000) incubated soybean oil and tallow in vitro and found mean 
lipolysis rates of 7 and 31%/h respectively. In addition, consistent with our model, Beam 
et al. (2000) found that lipolysis rates declined as the level of tallow or soybean oil in the 
incubation medium was increased.  In comparison to these results Noble et al. (1974) 
incubated in rumen cultures, trilinolein at concentrations of 460, 900, and 1,330 mg/L, 
and from their reported data we calculated that the lipolysis rates (rates of disappearance 
of trilinolein) were 47.1, 48.6 and 28.3%/h respectively. In general, our estimates of in 
vivo rates of lipolysis are greater than rates determined in vitro. 
 
2.4.2.2 Biohydrogenation of LCFA.  
The processes whereby unsaturated LCFA are biohydrogenated within the rumen are 
complex and still poorly understood.   Harefoot and Hazlewood (1999) reviewed ruminal 
BH and presented three separate pathways to describe the BH of unsaturated C18 fatty 
acids. In the first pathway, cis-9, cis-12, cis-15- octadecatrienoic  (α-linolenic acid ) is 
first isomerised to cis-9, trans-11, cis-15-octadecatrienoic acid, and then this is 
hydrogenated to trans-11, cis-15-octadecadienoic acid which can then be hydrogenated 
either to trans-15-or cis-15-octadecadienoic acids which do not undergo further 
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 hydrogenation, or the trans-11, cis-15-octadecadienoic acid can be hydrogenated to 
trans-11-octadecenoic acid which is further hydrogenated to stearic acid.  In comparison 
to this pathway, there is a second pathway in which cis-6, cis-9, cis-12-octadecatrienoic 
acid (γ-linolenic acid) is isomerised to cis-6, cis-9, trans-11-octadecatrienoic acid, and 
then this is hydrogenated to form cis-6, trans-11-octadecadienoic acid which is then 
hydrogenated to trans-11-octadecenoic acid which, as described in the first pathway, is 
hydrogenated to stearic acid.   In the third pathway, cis-9, cis-12-octadecadienoic acid 
(linoleic acid) is isomerised to cis-9, trans-11-octadecadienoic acid which is 
hydrogenated to trans-11-octadecenoic acid, which again is hydrogenated to stearic acid.   
 
In developing a practical model of ruminal BH, we have not attempted to model every 
isomer and every step in these complex pathways since there is currently a dearth of 
published in vivo and in vitro data on the isomers involved and their BH rate constants.  
Instead, we adopted a simplified depiction of the BH of the major unsaturated LCFA that, 
nevertheless, describes the essential features of these pathways.  The model assumes that 
only unsaturated RFLCFA can be biohydrogenated in the rumen and that they are 
biohydrogenated in stepwise processes: C18:3 → C18:2 → C18:1t  → C18:0; C18:1c  → 
C18:0; C16:1→ C16:0.  Note that in this scheme, we do not specify the particular 
positional isomers involved in these transformations. At each step, there is opportunity 
for the specific RFLCFA to either pass out of the rumen or to be further biohydrogenated. 
We assume that the Kb (BH rates) are independent of the feeds from which the RFLCFA 
were derived and that the ruminal passage rates of RFLCFA are the same as those for the 
feed ingredients. The following generalized equation is used to calculate the amount of 
each specific RFLCFA from each feed that is produced in the rumen as a result of BH: 
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Where BHLCFAij is the amount (g/d) of ith LCFA in the jth feed that is produced by BH, 
RFLCFAij (g/d) is the amount of the ith LCFA from the jth feed that has been produced in 
the rumen both directly by lipolysis and by the BH of more unsaturated LCFA, Kbi  (%/h) 
is the BH rate of the ith LCFA and Kpj (%/h) is the rate of passage of the jth feed. 
Kb16:1, Kb18:1c, Kb18:1t, Kb18:2 and Kb18:3 refer to the BH rates for RFLCFA16:1, 
RFLCFA18:1c, RFLCFA18:1t. RFLCFA18:2 and RFLCFA18:3, respectively.  
 
After examining the flows of specific LCFA to the duodenum, we observed that the 
‘estimated concentration’ of RFLCFA appeared to influence the rates of BH. Therefore, 
we again employed exponential moderating equations to allow for adjustment of BH 
rates. The generalized equation is: 
 
⎟⎠
⎞⎜⎝
⎛ •−•=
DMI
ATOTALRFLCFBEXPKbKbRFLCFA iii     [11] 
 
Where KbRFLCFAi (%/h) is the adjusted rate of BH of the ith LCFA, Kbi (%/h) is the 
putative maximum rate of BH of the ith LCFA, Bi is the adjustment factor for the effect of 
RFLCFA on BH, TOTALRFLCFA (g/d) is the total amount of free LCFA in the rumen 
and DMI (kg/d) is total dry matter intake. 
In performing the optimization procedures to derive the above equations for the impact of 
RFLCFA on BH, we imposed the constraints that the Kj and the multiplicative constants 
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 must be greater than 0 and less than or equal to 500, and that the moderating factors be 
between 0 and 1. As described above, the rate constants and moderating parameters 
associated with lipolysis and with BH of C18:3 were determined first. Then, since BH 
occurs in a stepwise process, the optimization procedures were carried out sequentially in 
order to determine the rate constants associated with the BH of C18:2 and then 
C18:1trans. Then, the optimization procedure was repeated to determine the BH rate 
constants for C18:1 cis. We noticed that in approximately 50% of the experimental diets 
of the model development set, the duodenal flow of C16:1 was greater than the dietary 
intake of this LCFA. We assumed that the amount of C16:1 flowing to the duodenum is 
influenced both by BH of dietary C16:1 and by de novo synthesis of C16:1. Therefore, 
for C16:1, the optimization procedure had to simultaneously be used to determine C16:1 
BH rate and the parameters needed to describe the de novo synthesis of C16:1. The 
optimized equations used to describe the BH rates are as follows:  
   
⎟⎠
⎞⎜⎝
⎛ •−•=
DMI
ATOTALRFLCFEXPKb 0346.03001:16     [12] 
   
⎟⎠
⎞⎜⎝
⎛ •−•=
DMI
ATOTALRFLCFEXPtKb 0228.05.541:18    [13] 
 
⎟⎠
⎞⎜⎝
⎛ •−•=
DMI
ATOTALRFLCFEXPcKb 04.271:18     [14] 
 
⎟⎠
⎞⎜⎝
⎛ •−•=
DMI
ATOTALRFLCFEXPKb 06.872:18     [15] 
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⎟⎠
⎞⎜⎝
⎛ •−•=
DMI
ATOTALRFLCFEXPKb 0188.05003:18     [16] 
Since the exponential parts of equations 14 and 15 equate to 1, these BH rates are not 
influenced by the amount of TOTALRFLCFA in the diet and have values of 27.4 and 87.6 
%/h for Kb18:1c and Kb18:2 respectively. The effects of the level of TOTALRFLCFA on 
the estimated rates of BH are shown in Figure 2.1.  
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Figure 2.1. Effects of RFLCFA on the rate of biohydrogenation 
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 In the data base used to develop these parameters, the estimated mean concentration of 
TOTALRFLCFA was 38.2 g/kg DMI and the estimated mean BH rates of C16:1, C18:1c, 
C18:1t, C18:2 and C18:3 were 39.3, 22.8, 27.4, 87.6, 243.9 %/h, respectively.  The 
ranking of the rate constants is similar to the ranking reported by Doreau and Chilliard 
(1997), Beam et al. (2000) and Enjalbert et al. (2003).  However, the absolute magnitudes 
of our rate constants are greater than for the corresponding rate constants determined in 
vitro (Table 2.4).  
Table 2.4 The estimated mean biohydrogenation rate constants (%/h) from this analysis 
and from published in vitro experiments  
 
C16:1 C18:1c C18:1t C18:2 C18:3 Reference 
39.3 27.4 22.8 87.6 243.9 This analysis 
 3.6a  9 – 12a   Beam et al. (2000) 
 1 – 2a   16.8 –39a  Latham et al. (1972) 
   9.6a  Palmquist and Kinsey (1994) 
 10 –11  19 - 38 20 - 46 Enjalbert et al. (2003) 
a values calculated by the authors from published data. 
 
This is to be expected due to the methods and procedures usually used in BH experiments 
conducted in vitro.  Rumen fluid is usually collected from fistulated cows, strained of 
feed particles, diluted with buffer and then bubbled with carbon dioxide to maintain 
anaerobic conditions.  However, there is incontrovertible evidence that in rumen fluid, 
BH of unsaturated fatty acids proceeds to completion only in the presence of feed 
particles and that removal of the feed particles greatly reduces the capacity of the rumen 
contents to biohydrogenate (Harfoot and Hazlewood 1999).   Furthermore, Polan et al. 
(1964), found that dilution with buffer, exposure of rumen fluid to aerobic conditions, 
and gassing with 100% CO2 all significantly reduced the rate of BH reactions in vitro.  
Therefore, it is to be expected that BH rates determined in vitro could be much less than 
the actual in vivo rates. 
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2.4.3  De novo Production of LCFA in the Rumen.  
Jenkins (1993) reviewed the literature on the factors affecting the balance of lipid across 
the rumen of sheep and cattle.  He concluded that, although the flow of lipid to the 
duodenum is generally closely related to the dietary lipid intake, de novo synthesis of 
lipid does occur, but at high lipid intakes, the extent of de novo synthesis may decline as 
a result of enhanced uptake of exogenous lipid by microbial cells. We assumed that each 
feed containing fermentable carbohydrate has the potential to induce in the rumen, the de 
novo production of LCFA (RPLCFAij).  The main LCFA that are produced de novo are 
C16:0, C16:1, C18:0, and COther (Knight et al. 1978; Harfoot 1978).  Accordingly, we 
use the terms RPLCFA16:0, RPLCFA16:1, RPLCFA18:0 and RPLCFAOther to describe 
ruminal production of these specific LCFA, and RPLCFAi as a generic description. In 
order to take into account the negative effect of lipid on de novo synthesis of LCFA, we 
employed exponential moderating factors to adjust the rate of de novo synthesis of LCFA 
in relation to the amount of the relevant RFLCFA produced in the rumen as a result of 
lipolysis and BH. The parameters describing the amounts of RPLCFAi were, as for BH 
rate constants, determined by minimizing the sums of squares of the differences between 
the measured and model calculated duodenal flows of the specific LCFA. The 
optimization procedure for the estimation of RPLCFAC18:0 was necessarily carried out 
after all of the optimizations for the BH of unsaturated C18 LCFA. The equations used to 
predict rumen production of LCFA are:  
⎟⎠
⎞⎜⎝
⎛ •−••=
DMI
RFLCFAEXPFTCHORPLCFA jj
0:16269.076.50:16   [17] 
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RFLCFAEXPFTCHORPLCFA jj
1:1623.16241.01:16   [18] 
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⎛ •−••=
DMI
RFLCFAEXPFTCHORPLCFA jj
0:18117.03.270:18   [19] 
  
⎟⎠
⎞⎜⎝
⎛ •−••=
DMI
rRFLCFAOtheEXPFTCHOrRPLCFAOthe jj
332.002.5   [20] 
Where RPLCFAij is the ruminal production (g/d) of the indicated LCFA from the jth feed, 
FTCHOj (g/d) is fermentable carbohydrate in the jth feed, RFLCFAi (g/d) is the total 
amount of indicated free LCFA in the rumen and DMI (kg/d) is total dry matter intake.   
 
Using these equations, and the model development data set, the mean (± SD) estimates 
for the total RPLCFA16:0, RPLCFA16:1, RPLCFA18:0, RPLCFAOther and 
RPLCFATotal were 8.6 ± 6.3, 3.1 ± 1.6, 29.0 ± 26.5, 22.8 ± 10.7 and 63.6 ± 33.8 g/d, 
respectively.  These means have high standard deviations that reflect the effects that 
highly variable intakes of FTCHO and LCFA have on these parameters. 
 
To graphically depict the magnitude of these effects, we used the above equations to 
simulate the effects of varying DMI and the dietary concentration of Total LCFA on 
ruminal de novo synthesis of Total LCFA.  In conducting this simulation, we chose a diet 
typical of those fed on USA dairy farms: alfalfa silage 26%, corn silage 26%, processed 
corn grain 22% soybean meal 14% blood meal 2% and mineral mix /fatty acid 
supplement 10%.  Adjusting the amount of LCFA in a mineral and fatty acid mix varied 
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 the dietary concentration of total LCFA. Figure 2.2 shows that de novo synthesis of LCFA 
is greater at higher DMI and decreases as RFLCFA increases.  
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Figure 2.2. Effect of level of dietary fatty acids and dry matter intake on 
predicted de novo production of total LCFA. The diet contained (DM basis) 
26%alfalfa silage, 26% corn silage, 22% steam-flaked corn, 14% soybean 
meal, 2% blood meal and 10% mineral mix /fatty acid supplement. The 
dietary concentration of total LCFA was varied by adjusting the proportions 
of mineral mix and fatty acid supplement. 
 
2.4.4 Duodenal Flow of LCFA.  
Due to extensive lipolysis in the rumen, most of the LCFA reaching the duodenum are in 
the form of rumen free fatty acids (RFLCFA) (Bickerstaffe et al.1972; Jenkins, 1993) but 
there are also non-lipolysed fatty acids (RNLCFA) and fatty acids in bacteria.Some of the 
RFLCFA produced in the rumen may be taken up by bacteria (Harfoot and Hazelwood 
1999) and possibly even re-esterified.  However, most of the experiments describing 
duodenal flows of lipid components have not described or quantified the bacterial lipid 
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 component.  In view of this lack of information, we adopted a simplified approach and 
assumed that with respect to a particular dietary esterified LCFA, after it has first been 
lipolysed in the rumen, it exists in a single lipid pool, regardless of it being either as 
RFLCFA or converted to a more complex bacterial lipid.   We assume that RPLCFA are 
chemically similar if not identical to the RFLCFA and in the model, for the sake of 
simplicity, the RPLCFA are included in the RFLCFA pool. The total amount of specific 
LCFA flowing to the duodenum is calculated by the following equation: 
 
ijijij RNLCFARFLCFADLCFA +=        [21] 
 
Where DLCFAij is duodenal flow (g/d) of ith LCFA from the jth feed, RFLCFAij is the 
amount (g/d) of the ith rumen free LCFA derived from the jth feed and RNLCFAij is the 
amount (g/d) of the ith non-lipolyzed LCFA from the jth feed. 
 
2.4.5 Intestinal Absorption of LCFA 
In developing this fat sub-model, we had to decide upon the most appropriate way to 
predict intestinal absorption of individual and Total LCFA.  Needing consideration were: 
(1) the disappearance from the rumen of some C12:0 and possibly C14:0; (2) whether or 
not intestinal absorption of LCFA is linear with respect to increasing duodenal flow of 
LCFA; (3) how to account for post duodenal secretion of LCFA (e.g. bile salts); (4) the 
extent and composition of hind-gut (caecum and colon) de novo synthesis of LCFA and 
(5) how to account for hind-gut BH of LCFA.    
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 In the data set used to develop this fat model the intakes (g/d means ± SD) of C12:0 and 
C14:0 were 21±17.0 and 11±7.8 respectively, while the corresponding duodenal flows of 
these LCFA were 3±3.4 and 11±7.3. Thus, in total, approximately 18 g/d of these LCFA 
disappeared from the rumen. C12:0 and C14:0 may be converted to C16:0 and C18:0 by 
chain elongation or they may be absorbed from the rumen as suggested by Jenkins 
(1993). In view of the small amount of LCFA involved, and because we are concerned 
with the total ruminal-intestinal tract absorption of these LCFA, we considered it 
reasonable to assume that this disappearance is wholly accounted for by ruminal 
absorption and to aggregate the ruminal absorption of these two LCFA with their 
intestinal absorption. 
 
While contemplating the four remaining issues, we carried out a simple linear regression 
of absorbed total LCFA (calculated as the difference between daily duodenal and fecal 
flows) versus duodenal flow of total LCFA.  This resulted in a reasonable linear 
relationship, but on closer inspection of the data, it became apparent that diets containing 
hydrogenated tallow and whole intact soybeans were generally “outliers”.  We surmised 
that hydrogenated tallow may have low intestinal digestibility due to incomplete lipolysis 
and that low digestibility of the fat in whole intact soybeans may be due to the beans 
passing intact to the feces. The above regression was then repeated with these “outliers” 
removed (Figure 2.3). The resulting regression equation using the restricted data set 
showed a strong linear relationship (R2 = 0.99) with a slope (absorption coefficent) of 
0.74 (± 0.022). Regressions were also carried out for each of the specific LCFA and in 
each case strong linear relationships were found (results not shown) if the “outlier” diets 
containing whole intact soybeans or hydrogenated tallow were excluded. 
 77
  
 
Y = 17.7 (16.7) + 0.74 (0.02) *DTotalLCFA 
N = 27, R2 = 0.99
0 
600 
1200 
1800 
0 600 1200 1800
A
bs
or
be
d 
To
ta
l L
C
FA
 (g
/d
) 
Duodenal Flow of Total LCFA (g/d) 
Y = 18 (16.7) + 0.74 (0.022) *DTotalLCFA
N = 27, R2 = 0.99 
 
Figure 2.3. Relationship between absorbed and duodenal flow of Total LCFA.  Different 
symbols represent different diet types: most diets (solid triangles) contained corn silage, 
corn and a protein source; diets with megalac (dot). Diets containing hydrogenated fat 
(hollow diamonds) or intact soybeans (hollow squares) were excluded from the 
regressions. 
 
From Figure 2.3, it is apparent that absorption does not decline at high duodenal flows of 
LCFA.  Our findings differ from those of Weisbjerg et al. (1992) who fed seven levels of 
fat supplemented diets to dairy cows.  They found that, as the level of fatty acid intake 
increased, there was a slight quadratic decline in total LCFA digestibility. Close 
examination of the data of Weisberg et al. (1992) revealed that only two diets with the 
highest levels of added tallow exhibited the decrease in total LCFA digestibility.  Since 
tallow is high in stearic acid and the digestibility of stearic acid is lower than that of most 
other LCFA (Doreau and Ferlay 1994; Enjalbert et al. 2000), the slight quadratic effect 
observed by Weisbjerg et al. (1992) would be expected.  
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 The y intercept (18 ± 16.7) from the regression analysis (Figure 2.3) was small and not 
significantly different from zero (P>0.05).  This small positive y intercept suggests little 
post-duodenal endogenous production /secretion of fatty acids which infers little 
production of bile LCFA. Indeed, the total output of LCFA from bile has been estimated 
to range from 16 to 32 g/d (Børsting et al. 1992), and the digestibility of bile LCFA is 
likely to be in excess of 90%.  Furthermore, Weisbjerg et al. (1992) found that part of the 
endogenous production of LCFA (as measured by the difference between duodenal flow 
and intake) was due to contamination from bile, even when cows were fistulated just 
behind the pylorus.  Thus, our estimation of ruminal de novo production of LCFA may 
already take into account some of the bile fatty acids. For these reasons, we considered 
that the simplification of ignoring post-duodenal endogenous LCFA should have little 
impact on estimates of LCFA digestibility.   
 
The fourth issue concerns the possibility of hind-gut de novo synthesis of LCFA. Zinn 
(1988, 1990) working with steers fed high grain diets (which would favor hind-gut de 
novo synthesis of LCFA), measured between 3 and 5 g/d more ether extract being 
excreted in feces than leaving the small intestine. Thus, whilst hind-gut de novo synthesis 
of LCFA almost certainly occurs, we concluded that, because of its small magnitude, we 
were justified in ignoring it. 
The remaining issue that could complicate the estimation of intestinal absorption 
coefficients for individual LCFA is the possibility of BH of unsaturated LCFA in the 
hind-gut. If BH did occur to any substantial extent, it could increase the apparent 
absorption of unsaturated LCFA and perhaps decrease the apparent absorption of C18:0. 
Unfortunately there is very little data on hind-gut BH. However, Enjalbert et al. (1997) 
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 fed lactating cows a maize silage/ryegrass hay/concentrate “control diet”, and measured 
35.4 g/d of stearic and 13.6 g/d of unsaturated C18 LCFA leaving the ileum and 36.7 and 
15.8 g/d of these respective LCFA being excreted in feces. They also made these same 
measurements on C16:0, C18:1cis, C18:1trans C18:2, and C18:3 and concluded that the 
relative changes in the LCFA flow between the terminal ileum and feces were “not 
marked”. Thus, in view of the findings of Enjalbert et al. (1997) there is justification for 
ignoring the potential that hindgut BH may cause slight errors in determining absorption 
coefficients for individual LCFA from fecal excretion.   
 
Initially we considered that, for most diets, a single absorption coefficient for each LCFA 
applied to the total duodenal flow of that fatty acid (i.e. DLCFA) would be adequate to 
predict intestinal absorption. However, as can be seen in Figure 2.3, this approach would 
not adequately predict the absorption of LCFA from diets that contained intact whole 
soybeans or hydrogenated tallow.  Therefore, we decided that a different approach was 
needed.  We hypothesized that while the duodenal RFLCFA should have absorption 
coefficients independent of the feeds from which they were derived, the LCFA that 
flowed to the duodenum in non-lipolyzed form (RNLCFA) might have different 
digestibilities than those of RFLCFA and that the digestibilities of RNLCFA could vary 
between feed ingredients. To simplify this requirement, we proposed six feed categories 
to describe the intestinal digestion coefficients of RNLCFA: (1) forages and grains; (2) 
fats (tallow and grease); (3) hydrogenated tallow; (4) whole intact oil seeds; (5) fish oil 
supplements and (6) calcium salts of fatty acids.  Thus for each feed, the absorption 
coefficients for RNLCFA depends upon the particular lipid component and the category 
of the feed. In the special case of C12:0 and C14:0, the possibility of ruminal absorption 
 80
 can be accommodated by simply assuming the duodenal flow of these LCFA is equal to 
the dietary intake. Using this approach, the following equations were used to describe the 
amounts of the major LCFA from each feed that are absorbed across the gastrointestinal 
tract of cows or flow to the feces. 
 
( ) ( )ijijijijij RNLCFAABRNLCFARFLCFAABRLCFADIGLCFA •+•=   [22] 
  
( ) ( ) ijijijijij RNLCFAABRNLCFARFLCFAABRFLCFAFLCFA •−+•−= 11   [23] 
Where DIGLCFAij is the amount (g/d) of ith LCFA from the jth feed that is absorbed, 
FLCFAij is the amount (g/d) of ith LCFA from the jth feed that is excreted in feces, 
ABRFLCFAij (decimal) is the intestinal absorption coefficient of the ith RFLCFA from the 
jth feed, and ABRNLCFAij  (decimal) is the intestinal absorption coefficient of the ith 
RNLCFA from the jth feed.  
 
The absorption coefficients for RFLCFAij and for RNLCFAij were derived by minimizing 
the sums of squares of the differences between the observed and model predictions of the 
total fecal flows of specific fatty acids. The absorption coefficients for RFLCFAi were 
constrained between 0 and 1. The absorption coefficients for RNLCFi from feed 
categories 1 to 5 were constrained to be greater than 0 but equal to or less than the 
coefficients determined for the corresponding RFLCFAi. Initially, absorption coefficients 
for RNLCFAi for category 6 were constrained to be greater than 0 but equal to or less than 
the coefficients determined for the corresponding RFLCFAi  but this gave large sums of 
squares of the differences between the observed and model predictions of the total fecal 
flows of specific fatty acids. Moller (1988) and Enjalbert et al. (1997) found that the 
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 apparent digestibilities of C16:0 and unsaturated C18 fatty acids were elevated in diets 
containing calcium salts of palm or rapeseed fatty acids so we allowed the digestibility of 
RNLCFAi  for category 6 to vary between 0 and 1. 
 
The optimized parameters describing absorption of RFLCFAi and RNLCFAi are shown in 
Table 2.5.   
Table 2.5 Optimized digestion coefficients for rumen free LCFA (RFLCFA) and non-
lipolysed LCFA (RNLCFA) 
 
  Category of non-lipolysed LCFA (RNLCFA) 
  1 2 3 4 5 6 
 
LCFA 
 
RFLCFA 
Feedsa    Fatsb Hydrogenated 
Tallowc 
Whole-
intact 
oil-seedsd 
Fish 
Meale 
Megalacf 
C12:0 0.954 0.954 0.954 0 0 0.818 0.954 
C14:0 0.751 0.486 0.486 0 0 0.395 0.775 
C16:0 0.725 0.725 0.725 0 0.184 0.725 0.833 
C16:1 0.640 0.640 0.640 0 0 0.640 0.945 
C18:0  0.728 0.728 0 0 0 0.728 1.000 
C18 :1c 0.893 0.669 0.669 0.561 0.156 0.669 0.893 
C18 :1t 0.786 0.000 0.786 0.395 0 0 0.786 
C18:2 0.830 0.776 0.830 0 0.607 0.830 1.000 
C18:3 0.775 0.775 0.539 0.098 0.194 0.652 0.858 
Cother 0.587 0.587 0 0 0.587 0.587 1.000 
a Non-lipolysed LCFA from forages, grains, proteins, whole cottonseed, and cracked or 
ground soybeans and other oil-seeds  
b Non-lipolysed LCFA  from tallow, grease, vegetable oils and animal/vegetable blends 
c Non-lipolysed LCFA  from hydrogenated tallow 
d Non-lipolysed LCFA  from whole-intact soybeans and other  whole-intact oil-seeds 
with the exception of cottonseed  
e Non-lipolysed LCFA  from fish meal supplements 
f Non-lipolysed LCFA  from calcium salts of palm oil fatty acid distillate 
 
Absorption coefficients for RFLCFAi  and RNLCFAi  have not previously been reported 
in the scientific literature.  However, our findings are consistent with the findings of 
Lessire et al. (1992) and Enjalbert et al. (1997) who found modest differences in 
digestibilities of different LCFA but digestibilities of unsaturated fatty acids were higher 
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 than those for the corresponding saturated fatty acids.  The absorption coefficients for all 
of the RNLCFAi from feed categories 1 to 5 are less than, and in many cases substantially 
less than the corresponding coefficient for RFLCFAi.  In particular, the absorption 
coefficients for C18:0 in RNLCFA from fats and oils and hydrogenated fat are zero. 
 
The digestion coefficients for the major RNLCFAi from calcium salts of fatty acids are 
substantially greater than the coefficients for rumen RFLCFAi.  This aspect of the model 
appears to be consistent with the findings of Grummer and Rabelo (1999) who compared 
15 studies where calcium salts of palm oil fatty acid distillate were fed, to nine studies 
where RFLCFA in the form of hydrolyzed tallow LCFA were fed. They reported that the 
mean apparent digestibilities (by difference) of LCFA were 79.5% for calcium salts of 
palm oil fatty acid distillate and 72.8% for hydrolyzed tallow LCFA respectively. 
Although many factors can affect the estimation of apparent digestibilities of LCFA, 
using the fat submodel, we predict the apparent digestibilities of LCFA from calcium salts 
of palm oil fatty acid distillate and hydrolyzed tallow fatty acids to be 83 and 77% 
respectively. The reason for the elevated digestion coefficients for LCFA from calcium 
salts of palm oil is not clear. However, in palm oil, there is usually a considerable amount 
of oleic acid (a known amphiphile) that, in non-ruminants, is believed to cause a 
synergistic enhancement in the absorption of other LCFA (Freeman 1984).  
 
2.5 Model Validation 
According to Black et al. (1993), the validity of a model is determined by the precision 
and level of certainty that the model achieves when it is used to make predictions under a 
wide range of conditions.  
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2.5.1  Data used for Model Validation 
The in vivo data used to validate this model came from eight published experiments that 
reported intakes and flows to the duodenum and feces of the major LCFA (Bauchart et al. 
1987; Bock et al. 1991; Weisbjerg et al. 1992; Aldrich et al. 1995; Hussein et al. 1996; 
Aldrich et al.1997; Elizalde et al. 1999 and Elliot et al. 1999). Weisbjerg et al. (1992) did 
not report fecal LCFA in their experiment, but we used their reported illeal LCFA since 
Enjalbert et al. (1997) have found that the relative changes in flows of LCFA between the 
terminal ileum and feces were not markedly different. Data from two experimental 
treatments (Control +HTHFA and Control +HFA, Elliot et al. 1999) were not included in 
the final validation data set due to large inconsistencies between reported intakes of 
LCFA and intakes calculated from reported compositions of dietary ingredients. 
 
The validation experiments involved cattle fed a diverse range of feeds and a wide range 
in intakes of fatty acids (Table 2.6). Due to the scarcity of published experiments with the 
requisite in vivo data, only the experiments of Bauchart et al. (1987) and Weisbjerg et al. 
(1992) involved lactating Holstein * Friesian dairy cows while the remaining experiments 
involved steers of various ages and breeds.  Consequently, body weights (399 + 111 kg 
vs 587 + 70 kg) and DMI (8.5 + 2.2 kg/d vs 18.4 + kg/d) were less in the validation data 
set than in model development data set. Thus, intakes of LCFA (Table 2.6) in the 
validation data set were lower (mean, 479 g; range, 72 to 1040) than intakes (Table 2.2) 
in the data used to develop the model (mean, 878 g; range, 197 to 1339 g). 
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 2.5.2 Validation Methodology 
The equations developed to describe ruminal metabolism and intestinal absorption of 
LCFA were coded into a Microsoft Windows 98 Excel spreadsheet. The six main 
processes of the fat sub-model ((1) intake of dietary lipid, (2) ruminal lipolysis of dietary 
lipid, (3) BH of LCFA in the rumen, (4) de novo production of LCFA in the rumen, (5) 
ruminal passage of LCFA and (6) intestinal digestion of LCFA take place sequentially 
and each process is interlinked or dependent to some degree on the extent or magnitude 
of previous processes. Thus, instead of validating each process separately, we validated 
the overall system by comparing predicted and measured flows of total and individual 
LCFA to the duodenum and by comparing predicted and measured absorption of total and 
individual LCFA. 
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 Table 2.6 Description of eight experiments used to validate the fat sub-model.  The data 
shown are the intakes and flows of total LCFA to the duodenum and feces (g/cow/d). 
Author Treatmenta Intake Duodenum Feces 
Aldrich et al. 1995 Control 405 428 131 
 Control + Raw Soybean 438 364 144 
 Control + Soybean 141C 462 397 124 
 Control + Soybean 149C  458 428 118 
 Control + Soybean 157C 465 389 110 
Aldrich et al. 1997 Control 72 119 34 
 Control + untreated whole canola 
seed 
390 482 319 
 Control + crushed canola seed 325 331 132 
 Control + treated canola seed 342 387 199 
 Control + Ca saltLCFA 361 341 75 
Bauchart et al. 1987 Control 192 226 44 
 Control + Milk 764 594 81 
Bock et al. 1991 Control 99 164 27 
 Control + Soybean oil soapstock 192 298 77 
 Control + Tallow 193 266 67 
Elizalde et al. 1999 PFA 738 610 251 
 LTG 635 582 152 
 PFA+LTG 590 550 170 
 LFA + LTG 569 559 177 
Elliot et al. 1999 Control 170 233 59 
 Control + Tallow 500 589 177 
 Control + PHT 506 578 222 
 Control + HT 525 607 347 
 Control + HTHFAb    
 Control + HFAb    
Hussein et al. 1996 HF/NCS 306 284 26 
 HF/WTCS 767 721 167 
 HF/CUCS 704 628 125 
 LF/NCS 474 419 116 
 LF/WTCS 1040 984 419 
 LF/CUCS 960 786 240 
Weisbjerg et al. 1992 L0 172 203 36c 
 L4 480 559 78c 
 L6 636 645 132c 
 H0 234 275 57c 
 H2 475 518 87c 
 H4 687 605 146c 
 H6 911 920 253c 
Average  479 474 142 
a PHT = Partially hydrogenated tallow; HT =  Hydrogenated tallow; HFA = 
Hydrogenated fatty acids; HTFA = blend of HT and HFA; HF/NCS =High forage diet 
containing no canola seed; LF/WTCS = low forage diet containing whole canola seed 
treated with  alkaline  H2O2 ; CUCS = crushed canola seed;   
b These treatments were not included in validation data set due to inconsistencies between 
reported intakes of LCFA and intakes calculated from reported compositions of dietary 
ingredients 
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 2.5.3  Statistics 
All statistical analyses were performed using STATA 7 (Stata Corp. 2001). The model 
predictions of the duodenal flows and amounts of absorbed LCFA (Y) were regressed 
against their corresponding measured amounts of LCFA (X). If the intercept (a) was not 
significantly (P> 0.05) different from zero, a second regression was forced through the 
origin.  The model bias was calculated by dividing the mean of the Y-variate minus the 
mean of the X-variate by the mean of the X-variate if the intercept was different from 
zero; otherwise it was calculated as the slope (b) of the regression through the origin 
minus 1. 
 Model bias =  
X
XY −  or   b-1  
The statistical analyses also involved robust regressions and concordance regressions 
(Stata Corp. 2001). These resulted in regression coefficients and interpretations similar to 
those obtained from standard regressions.  Therefore, for the sake of brevity, only the 
standard regression results are presented. 
 
2.5.4 Measured versus Predicted Values 
From data in Fig. 2.4 and Tables 2.7 and 2.8, it is apparent that there is close concordance 
between measured and predicted flows of total LCFA to the duodenum (R2=0.99; 
bias=5%) and measured and predicted absorption of total LCFA from the intestine 
(R2=0.98; bias<1%). 
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Figure 2.4. Measured and predicted duodenal and absorbed total long chain fatty acids 
 
 
 
 
 
Table 2.7 Measured vs. predicted flows of LCFA to the duodenum 
 
LCFA n Mean STD Intercept Coefficient R2 Bias(%) 
Total 36 477 206 0a0 1.05 0.99 0+5 
C12:0 
C14:0 
Flow statistics not calculated because some 
C12:0 and C14:0 are absorbed from the rumen  
C16:0 36 97 55 0a 1.04 0.99 0+5 
C16:1 16 2 1 01.8 0.86 0.61 +75 
C18:0 36 237 116 37.6 0.93 0.96 0+9 
C18:1trans 8 23 14 0a 1.07 0.94 0=7 
C18:1cis 8 35 14 0a 0.87 0.92 -13 
C18:2 36 27 25 0a 0.91 0.95 0-9 
C18:3 36 5 7 0a 1.01 0.91 0=2 
COther 27 36 11 0a 0.99 0.96 0-1 
a Intercept in original regression was not significantly (P>.05) different from 0 so the subsequent 
regression was forced through 0 
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 Table 2.8 Measured and predicted absorption of LCFA from the intestine 
 
LCFA n Mean STD Intercept Coeffic
ient 
R2 Bias 
(%) 
Total 36 338 147 0a00 1.00 0.98 +0<10 
C12:0 20 4 8 0.49 0.99 0.99 +10 
C14:0 15 7 4 0a00 0.89 0.98 0-7 
C16:0 36 71 44 0a00 1.02 0.97 +02 
C16:1 16 2 1 1.30 0.78 0.43 +62 
C18:0 36 167 83 38.300 0.87 0.86 +10 
C18:1tran
s 
8 15 8 0a00 1.13 0.93 +20 
C18:1cis 8 25 6 0a00 0.86 0.92 -22 
C18:2 34 20 18 0a00 0.89 0.91 -12 
C18:3 31 3 4 1.14 0.48 0.46 -18 
COther 27 24 10 14.70 0.33 0.16 0-7 
 
a Intercept in original regression was not significantly (P>.05) different from 0 so the 
subsequent regression was forced through 0 
 
 
Data in Table 2.7 show that there was a high correlation (R2>0.91) between measured and 
predicted flows of C16:0, C18:0, C18:1t, C18:1c, C18:2, C18:3 and COther to the 
duodenum. The predicted bias was 13% or less. The low correlation (R2=0.61) and high 
bias (75%) between measured and predicted flows of C16:1 probably reflects the low 
flow (mean flow=2 g/d) of C16:1. 
 
We do not present data on the concordance between measured and predicted duodenal 
flows of C12:0 and C14:0 because some of these LCFA are absorbed from the rumen and 
measured duodenal flows of these two LCFA are generally less than their respective 
intakes. Indeed, in this validation data set, the measured mean intakes and duodenal flows 
(g/d) of C12:0 were 4.3 and 1.1 while for C14:0 they were 6.7 and 5.5 respectively. As 
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 described in the model development section of this paper, we assume that the duodenal 
flows of C12:0 and C14:0 are equal to their respective intakes.  
 
Data in Table 2.8 show that there was a high correlation (R2>0.86) between measured and 
predicted absorption of C12:0, C14:0, C16:0, C18:0, C18:1t, C18:1c, and C18:2. The 
predicted bias was12% or less for C12:0, C14:0, C16:0 and C18:0 and C18:2. For C18:1t 
and C18:1c, the correlation was good (R2> 0.92) but the bias was about 20%. This may 
be a consequence of the small number of comparisons as C18:1t and C18:1c data were 
only reported for eight diets in two experiments. Absorption of C16:1, C18:3 and COther 
was predicted poorly. However, only small amounts (2 to 3 g/d) of C16:1 and C18:3 were 
absorbed and COther is a ‘mixed bag’ of LCFA not always reported in all experiments. 
 
2.6 Comparison of Different Fat Models 
2.6.1  CNCPS and CPM-Dairy 
CNCPS (Sniffen et al. 1992) and previous versions of CPM-Dairy (Boston et al. 2000) 
have a fairly crude representation of ruminal metabolism and intestinal digestion of 
lipids. These models operated on EE, there was no consideration of ruminal lipolysis, BH 
or de novo production of LCFA and EE flowing to the duodenum has an unrealistically 
high absorption coefficient of 95%. 
2.6.2  NRC (2001) 
Although NRC (2001) has a more sophisticated fat model than NRC (1989), its depiction 
of lipid digestion is still simplistic.  NRC (2001) describes lipid in terms of total LCFA 
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 but does not differentiate this in terms of the major individual LCFA or deal with ruminal 
transformations of LCFA.   
A feature of NRC (2001) is its description of the absorption of LCFA. The NRC (2001) 
model employs different digestion coefficients for total LCFA from different sources. 
However, NRC (2001) assumes that for diets containing 3 percent or less EE, the 
digestibility of total LCFA is 100%.  This last assumption appears to be an overestimate 
in view of the digestion coefficients shown in Table 2.5.  In addition, NRC (2001) 
assumes that at DMI of 3X maintenance, the digestibilities are decreased by 8 percent 
compared to maintenance.   
In our model, in contrast to NRC (2001), absorption coefficients are not influenced by 
level of feeding. Instead, ruminal lipolysis and BH are impacted by DMI. As DMI 
increases, rate of passage increases and rumen residence time is less so that the extent of 
lipolysis and BH is decreased. Thus, DMI can affect the form (RFLCFA  vs RNLCFA) of 
fat flowing to the duodenum and the pattern of LCFA in the form of RFLCFA. For most 
feeds, rates of lipolysis (Klip) are high (>30 %/h) and more than 80% of the dietary lipid 
is lipolysed. Thus, DMI will not greatly affect the proportions of RFLCFA and RNLCFA 
flowing to the duodenum. On the other hand, mean rates of BH (Kb) for C18:1t,  and 
C18:1c are 23 and 27  %/h. Furthermore, Kb of C18:1t decreases as the level of RFLCFA 
increases. Thus, with diets that contain high levels of unsaturated LCFA, increased DMI, 
due to its affect on rate of passage, could decrease the extent of BH so that there is less 
C18:0 in the RNLCFA pool. Since the absorption coefficient for C18:0 is less than the 
absorption coefficients of C18 unsaturated fatty acids, DMI could indirectly affect the 
amount LCFA absorbed from the pool of RFLCFA.  
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 The effects of dietary fat on rumen fermentation are discussed in NRC (2001), but no 
equations are included in the model. Likewise, in our model, we have no equations that 
link dietary fat to ruminal digestion, ruminal fermentation or microbial growth. 
2.6.3  Dijkstra et al. (2000) 
Dijkstra et al. (2000) recently published a new dynamic model to describe ruminal 
lipolysis and BH of LCFA.  In their model, lipid in the rumen is depicted as existing in 
three pools: (1) unhydrolysed dietary lipid; (2) saturated free LCFA and (3) unsaturated 
free LCFA.  Although lipolysis or ‘hydrolysis’ is a feature of the Dijkstra et al. (2000) 
model, the maximal fractional hydrolysis rate is assumed to be 9 times the fractional 
passage rate.  Differences in the hydrolysis rate for different feeds is acknowledged with 
the fractional hydrolysis rate for extruded fats adjusted to be 2.3 times the fractional solid 
passage rate.  The hydrolysis rates for other distinctive feed types (eg. hydrogenated fats, 
whole or crushed oil seeds, calcium salts of LCFA) are not discussed.   
The maximal rate of BH also is assumed to be nine times the fractional solid passage rate.  
In their model, the rate of BH is described by a Michaelis-Menten-type equation in which 
the concentration of fibre stimulates the BH rate and the concentration of unsaturated 
LCFA inhibits the BH rate.  However, the parameters for this Michaelis-Menten equation 
are not reported.  
 
2.7 Conclusions 
Model development is constrained by the availability of data. Using data that reported 
intakes, flows to the duodenum and fecal excretion of LCFA, we used novel simulation 
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 techniques to develop equations that describe ruminal metabolism and intestinal 
absorption of LCFA. CPM-Dairy, with this new fat sub-model, provides a means of 
predicting the absorption of total LCFA and the majority of the major individual LCFA. 
Whilst the present fat sub-model does not predict the absorption of conjugated linoleic 
acid and many other positional and geometric isomers of unsaturated C18 LCFA, it 
provides a framework to develop equations to predict absorption of these LCFA. 
Furthermore, as new data becomes available, the model may be further expanded to 
account for the affects of dietary fat on ruminal digestion, ruminal fermentation and 
bacterial growth and for the affects of dietary fibre content and rumen pH on lipolysis 
and BH. In the future, this sub-model can provide the LCFA inputs for development of a 
fat metabolism sub-model. 
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 Chapter 3.  
Further Validation of the Fat Sub-model in 
CPM-Dairy. 
 
The work described herein has been published as: 
Moate, P. J., R. C. Boston, I. J. Lean, and W. Chalupa. 2006. Short communication: 
Further validation of the fat sub-model in the Cornell-Penn-Miner Dairy model. Journal 
of Dairy Science. 89(3):1052-1056. 
 
3.1 Abstract 
Recently a fat sub-model was introduced into CPM-Dairy (Moate et al., 2004). The 
principle aim of the work reported here was to validate this fat sub-model in terms of its’ 
accuracy in predicting the apparent absorption (intake – feces) of total long chain fatty 
acids (LCFA) in lactating dairy cows. The fat sub-model in CPM-Dairy was used to 
predict the amounts (g/d) of total LCFA apparently absorbed from 63 diets described in 
14 published experiments. These predicted amounts (PLCFA) were regressed against the 
amounts reported to be apparently absorbed (RLCFA). The regression equation was: 
PLCFA = -24.8 ± 25.2 + 1.011± 0.029 * RLCFA   R2 = 0.95, RMSE = 55.2 g/d.  
The results show that for a diverse range of diets, the fat model in CPM-Dairy can 
accurately predict apparent absorption of dietary total LCFA. 
 
(Key words: Fat model, apparent absorption, validation ) 
Abbreviation key: LCFA = long chain fatty acid, CP = crude protein, NDF = neutral 
detergent fiber, DIM = days in milk 
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 3.2 Introduction 
The fat sub-model in CPM-Dairy is unique among models of fat digestion in dairy cows 
in that it can predict: 1) the intake (g/d) of ten LCFA from dietary feeds; 2) the amount 
(g/d) of each LCFA produced within the rumen as a result of lipolysis; 3) the 
biohydrogenation within the rumen of lipolyzed unsaturated LCFA; 4) the de novo 
synthesis within the rumen of LCFA; 5) the passage to the duodenum of lipolyzed and 
unlipolysed LCFA; and 6) the intestinal absorption of both unlipolysed and lipolyzed 
LCFA (Moate et al., 2004). The fat model was developed almost entirely with data from 
published experiments involving lactating dairy cows in which daily dietary intakes, 
duodenal flows and fecal outputs of individual LCFA were reported. Unfortunately for 
validation purposes, this left a dearth of suitable data from experiments with lactating 
dairy cows.  Therefore, as described previously, the initial validation of the model   
involved seven experiments with non-lactating cattle (mostly young growing steers) and 
only one experiment with lactating dairy cows (Moate et al., 2004).  The initial validation 
involved 36 experimental diets from eight published papers. That validation exercise 
compared the reported and predicted flows (g/cow/d) of 10 individual LCFA (Lauric, 
Myristic, Palmitic, Palmitoleic, Stearic, Oleic, Vaccenic, Octadecadienoic, 
Octadecatrienoic , and “Other” LCFA) to the duodenum and also compared the reported 
and predicted amounts of these same 10 LCFA that were truly absorbed in the intestines 
(duodenal-fecal). Despite the fact that the fat sub-model in CPM-Dairy had been 
developed entirely with data from lactating dairy cows, it was able to accurately predict 
the duodenal flows and intestinal absorptions of the majority of the individual LCFA and 
there was close concordance between the reported and predicted amounts of total LCFA 
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 truly absorbed from the intestines (Moate et al., 2004). Despite this validation of the 
model in non-lactating cattle, a major aim of CPM-Dairy is to accurately predict the 
absorption of nutrients from the intestines of dairy cows so as to enable accurate 
prediction of the lactation response to a particular diet. The principle aim of the work 
reported here was to validate the fat sub-model in terms of its accuracy of predicting the 
apparent absorption (intake – feces) of total LCFA in lactating dairy cows. 
 
3.3 Methods 
Sources used for data in this current investigation were experiments that measured the 
apparent absorption of total LCFA in multiparous, lactating Holstein cows. The inclusion 
criteria used were: 1) experiments had to involve lactating dairy cows; 2) the published 
reports of the experiments contained the information required by CPM-Dairy for making 
predictions on apparent absorption of total LCFA and 3) the reported information on each 
experiment had to be internally consistent. With respect to criterion 2, the necessary 
information included: total LCFA intake (g/d), fecal output of total LCFA (g/d), dietary 
concentrations of crude protein (CP) and neutral detergent fiber (NDF) and cow details.  
With respect to criterion 3, there could be no major inconsistencies within a paper. For 
example, when the relevant data was reported, the reported total intake of LCFA had to 
be equal to the sum of the reported quantities of dry matter of the individual feeds by the 
corresponding reported LCFA concentration in each individual feed. Of the experiments 
which prima facie seemed to be applicable to this validation, but which were excluded, 
the most common reason was inadequate description of dietary inputs, and in three cases 
due to serious inconsistencies (> 200 g/d) in reported experimental data. 
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 There were two types of experiments: abomasal infusion experiments, and feeding 
experiments.  The various dietary treatments in both the abomasal infusion and feeding 
experiments covered a diverse range of fat supplements. There were three abomasal 
infusion experiments, all conducted at the University of Illinois and involving a total of 
15 treatment groups (Drackley et al., 1992; Christensen et al., 1994; Bremmer et al., 
1998). The abomasal infusion experiments involved a control group of cows being fed a 
fairly standard total mixed ration based on corn silage, alfalfa hay or silage, corn grain 
and a protein supplement, usually soybean meal. Additional treatments consisted of 
different quantities and types of fat supplement being continually infused into the 
abomasa of the cows. The fat supplements were infused by means of infusion lines that 
had been passed through the rumen cannula, the rumen, the sulcus omasi and anchored in 
the abomasum with a rubber flange. For the abomasal infusion experiments, the mean ± 
standard deviation, minimum and maximum in the total intakes (including infusate) (g/d) 
of total LCFA were: 1005 ± 164, 637 – 1256.  
 
The data for the feeding experiments came from 11 experiments conducted in 5 different 
laboratories from across the United States (Arizona, California, Illinois, Ohio, and South 
Carolina) (Jenkins and Jenny, 1989; Schauff et al., 1992; Schauff and Clark, 1992; Wu et 
al., 1993; Elliott et al., 1996; Pantoja et al., 1996; Chan et al., 1997; Pires et al., 1997; 
Ruppert et al., 2003; Avila et al., 2000; Weiss and Wyatt, 2004).   The feeding 
experiments, like the abomasal infusion experiments, generally involved a control group 
of cows being fed a fairly standard total mixed ration based on corn silage, alfalfa hay or 
silage, corn grain and a protein supplement, usually soybean meal. Additional treatments 
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 in these experiments usually involved supplementing the cows’ diets with different 
quantities and types of fat supplements. Tallow was used in 9 diets, whole cottonseeds in 
8 diets, prilled LCFA in 5 diets, hydrogenated esterified fat in 7 diets and calcium salts of 
LCFA in 5 diets. There were a total of 50 diets in the 11 experiments, but two diets from 
one experiment were excluded from this investigation since there were substantial 
discrepancies (282 g and 248 g) between the reported daily intake of total LCFA and the 
calculated daily intake of total LCFA (based on the reported intakes of dietary feeds and 
reported concentrations of total LCFA in dietary feeds). For the 48 diets in the feeding 
experiments the mean ± standard deviation, minimum and maximum total intakes (g/d) of 
total LCFA were: 1189 ± 391, 552 – 1828.   Additional experimental details on the 
abomasal infusion and feeding experiments are given in each publication. 
 
CPM-Dairy version 3.0 was used to make predictions on the apparent absorption of total 
LCFA from each of the individual diets from the abomasal infusion and feeding 
experiments. The procedure usually was as follows: when modeling diets from a single 
experiment, the control diet was first entered into a CPM-Dairy session. First, all the 
feeds in the control diet were selected from the CPM-Dairy feed dictionary and their 
amounts (kg DM) were entered into the session. These amounts were calculated from the 
reported total DMI for the control diet and from the reported concentration of feed 
ingredients in the control diet. Next, the CPM-Dairy feed report was checked to compare 
the CPM-Dairy estimated dietary concentrations of CP and NDF with the reported 
concentrations for these nutrients. If discrepancies were evident, alternative feeds, usually 
a different alfalfa hay or corn silage, were selected from the feed dictionary so that the 
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 estimated and reported dietary concentrations of CP and NDF were similar. The next step 
involved matching the reported intake of total LCFA with the CPM-Dairy predicted 
intake of total LCFA. If total intake of LCFA was not explicitly reported in a particular 
experiment, then it was estimated as the product of the reported DMI (kg) and the 
concentration (g/kg) of total LCFA in the DM. By adjusting the concentration of ether 
extract of the forage ingredients in the ration, the predicted intake of total LCFA was 
made to match the reported intake of total LCFA. The ether extract of the forage 
ingredients was adjusted since, in our experience, forages generally have greater 
coefficients of variation in concentrations of ether extract (and Total LCFA) than do 
‘high-fat’ feeds. In most experiments, detailed fatty acid profiles for individual feed 
ingredients were not reported. However, in some of the experiments, fatty acid profiles 
were reported for some of the major dietary feeds, usually the fat supplement and 
sometimes the major forage ingredient, and when this was the case these profiles were 
edited into the ration. In some experiments, the fatty acid profiles of the total mixed 
rations were reported. When this was the case, the fatty acid profiles of the forages were 
edited so that as far as possible, the predicted fatty acid profile of the total diet matched 
the reported fatty acid profile of the total diet.  
 
Once the CPM-Dairy session for the control diet matched the reported control diet in 
terms of total intake of LCFA, profile of LCFA and concentrations of CP and NDF, the 
next step was to enter into the CPM-Dairy session the 14 cow details required by the 
CPM-Dairy program. Although the cow details are required for running of CPM-Dairy 
program, cow details with the exception of current bodyweight, have no impact on the 
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 calculations related to the fat model. The cow details are: lactation number, current age 
(months), first calving age (months), calving interval (months), current bodyweight (kg), 
mature bodyweight (kg), calf bodyweight (kg) days pregnant, body condition score, live-
weight change, milk production (L/d), milk fat%, days in milk (DIM) and milk protein%. 
Many of these details were reported in each publication. When days pregnant was not 
reported, but DIM reported, days pregnant was assumed to be DIM minus 70 when DIM 
were greater than 70 and 0 when DIM were less than or equal to 70. When individual 
publications failed to report the current bodyweight for cows in a particular experimental 
treatment, and indeed cow bodyweight was not reported in any of the infusion 
experiments, a value of 600 kg was employed. Once the control diet had been completely 
entered and saved as a CPM-Dairy session, the control diet session was used as a 
template for the remaining diets in that particular experiment. Quantities of all dietary 
ingredients including the specific fat supplement were entered into the session. For most 
diets, there were small discrepancies between the reported and predicted intakes of total 
LCFA. In these cases, small adjustments were made (in the ration dictionary) to the 
‘Total LCFA as a % of Ether Extract’ so that the predicted total intake of LCFA matched 
the reported total intake of LCFA. 
  
In all diets, for all feeds other than the infused fat supplements, the dictionary default 
values in CPM-Dairy were used for lipolysis rates and efficiencies of intestinal 
absorption of LCFA (Moate et al. 2004). For the abomasal infusion experiments, a 
lipolysis rate of 0.01%/h was employed for all supplements of infused LCFA. This 
maneuver resulted in approximately 99.8% of the infused fat supplement not being 
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 subjected to the calculations concerned with ruminal lipolysis and biohydrogenation. 
Since the abomasal infusion experiments involved infusates of free (non-esterified) 
LCFA, the intestinal absorption coefficients for the rumen bypass fractions of these 
infusate LCFA were edited to equate to those of rumen free LCFA (Moate et al., 2004).  
 
3.4 Results 
The amounts of Total LCFA apparently absorbed were regressed against the reported 
amounts of Total LCFA apparently absorbed (Figure 3.1). 
 The “Y” intercept was -24.8 ± 25.19, and this was not significantly different from zero 
(P = 0.33). The slope of the regression was 1.011 ± 0.029 and this was not significantly 
different from 1 (P = 0.71). The R2 for this regression was 0.95 and the root mean square 
error (RMSE) was 55.2 g/d.  Concordance analyses (Lin 1989) of the predicted and 
measured amounts of total LCFA apparently absorbed from the different dietary 
treatments in both the infusion and feeding experiments were also carried out. For the 
diets from the infusion experiments, Lin’s concordance correlation coefficient was 0.923 
± 0.040 and Pearson’s r value was 0.940. For the diets from the feeding experiments, the 
corresponding values were 0.975 ± 0.007 and 0.977. 
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Figure 3.1. Concordance between reported and predicted amounts (g/d) of dietary total 
LCFA apparently absorbed in lactating dairy cows. Squares represent data from 48 diets 
in 11 feeding experiments in which different types and quantities of fat supplements were 
fed. Dots are data from 15 diets in 3 experiments in which different types and quantities 
of LCFA were infused into the abomasums. The continuous line is the line of identity. 
The dashed line is the regression line (predicted regressed against reported) with y 
intercept = -24.8 ± 25.2 and slope 1.011 ±  0.029, with root mean square error  =  55.2 g/d 
and R2 =0.95.  
 
Pearson’s regression analysis assumes that the reported values of total LCFA apparently 
absorbed were measured without error. However, it is probable that the reported values 
may include sampling and analytical errors associated with measuring LCFA in the feeds 
and feces. Indeed, considering that the average intake of LCFA in the feeding 
experiments was 1190 g/d and the average output of LCFA in feces was 355 g/d, an 
average error of less than 5% in measuring intake and fecal outputs of LCFA could easily 
account for the majority of the observed discrepancies between the amounts of LCFA 
reported and predicted to be apparently absorbed.  Other factors unrelated to the model 
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 could also have caused some of the discrepancies between the reported and model 
predictions of the amounts of LCFA absorbed. Many of the published reports of 
experiments lacked detailed chemical descriptions of experimental diets and of the major 
feeds in the diets and pertinent animal details. Thus inaccurate replication of the 
experimental diets could also have caused some of these discrepancies.  
 
 An analysis of residuals (Reported – Predicted total LCFA apparently absorbed) was 
carried out to assess the extent of prediction bias (St Pierre, 2003). 
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Figure 3.2. Assessment of prediction bias. Squares represent data from the feeding 
experiments and circles are data from the infusion experiments. The mean bias 15.8 g/d, 
is not significant. The constant bias 64 g/d, and the linear bias -0.060, although both 
significant statistically (P < 0.05), together result in a positive bias of 41.7 g/d at the 
minimum predicted value 369.8 g/d, and a negative bias of 16.1 g/d at the maximum 
predicted value 1339.8g/d. These biases are less than the RMSE 53.3 g/d, and translate to 
an error of 11% at the minimum predicted value and 1.2% at the maximum predicted 
value. 
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 As shown in Figure 3.2, the mean bias was only 15.8 g/d, and this was not significant. 
The constant bias 64 g/d, and the linear bias -0.060, although both significant statistically 
(P < 0.05), together resulted in a positive bias of 41.7 g/d at the minimum predicted value 
369.8 g/d, and a negative bias of 16.1 g/d at the maximum predicted value 1339.8 g/d. 
These are less than the RMSE 53.3 g/d, and translate to a positive error of 11% at the 
minimum predicted value and negative error of 1.2% at the maximum predicted value.  
With the small data set analyzed here, we cannot explain the reasons for the small 
systematic bias in prediction. As further data become available this bias may disappear or 
we may adjust the model appropriately to remove the bias. Despite this small systematic 
bias, as can be seen from Figure 3.1 and evidenced by the concordance analyses, the 
model generally predicts the apparent absorption of total LCFA very well. 
 
In order to determine if the fat model had any systematic prediction errors related to type 
of fat supplement, we collated the data and predictions of apparent digestibilities of diet 
total LCFA for diets containing five commonly-fed types of fat supplements (Table 3.1).   
Table 3.1. Comparison of reported and predicted digestibilities of dietary total LCFA for 
diets containing five different types of fat supplements. 
 
Diet Type References N Reported Diet 
FA Digestibility 
Mean ± SD 
Predicted Diet 
FA Digestibility 
Mean ± SD 
Tallow 1,10,12,14,16 9 70.2 ± 7.18 71.0 ± 1.40 
Hydrogenated esterified fat 7,10,15 7 57.0 ± 5.72 57.4 ± 6.29 
Whole Cottonseeds 3,11 8 74.7 ± 1.92 71.9 ± 0.44* 
Prilled Fatty Acids 3,6 5 71.0 ± 3.39 72.2 ± 0.53 
Calcium salts palm fatty acids 7,13,15,16 5 77.6 ± 2.82 75.8 ± 1.18 
* P < 0.01 
N = number of diets 
References: 1 Avila et al., 2000; 3 Chan et al., 1997; 6 Elliott et al., 1996;  7 Jenkins and 
Jenny, 1989; 10 Pantoja et al., 1996; 11 Pires et al., 1997; 12 Ruppert et al., 2003; 13 
Schauff et al., 1992; 14 Schauff and Clark, 1992; 15 Weiss and Wyatt 2004; 16, Wu et al. 
1993) 
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 Using paired t-tests, only in diets containing whole cottonseed was the predicted 
digestibility of total LCFA significantly (P<0.01) different from the measured 
digestibility of LCFA, but the mean difference was only 2.8 digestibility units. Sampling 
difficulties of TMR diets containing whole cottonseed may account for this difference. 
Furthermore, the data on diets containing whole cottonseed came from just two 
experiments, and it is possible that this difference may disappear as more experimental 
data become available. Thus for diets containing these major types of fat supplements, 
the fat sub-model does not contain any substantial systematic biases. 
 
3.5 Conclusions 
The fact that the fat sub-model accurately predicts the apparent absorption of total LCFA 
infused into the abomasa of cows indicates that appropriate intestinal absorption 
coefficients are employed in the model. The fact that the model also accurately predicts 
the apparent absorption of total LCFA in the feeding experiments is evidence that the 
model must also correctly describe ruminal processes such as lipolysis, biohydrogenation 
and denovo synthesis of LCFA that can impact on apparent absorption of total LCFA. 
Based on the current validation data-set and the analyses presented here, we conclude that 
the fat sub-model in CPM-Dairy accurately predicts the apparent absorption of dietary 
total LCFA in lactating dairy cows. It is our intention, that as new publications report the 
effects of specific feeds on the ruminal transformations of LCFA and intestinal digestion 
of LCFA, the fat sub-model will continue to be refined to reflect the latest scientific 
findings. 
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 Chapter 4.  
Kinetics of Ruminal Lipolysis of Triacylglycerol 
and Biohydrogenation of Long Chain Fatty Acids: 
New Insights from Old Data. 
 
The work described herein has been has been accepted for publication in the Journal of 
Dairy Science as: Moate, P. J., R. C. Boston, T. C. Jenkins and I. J. Lean. Kinetics of 
ruminal lipolysis of triacylglycerol and biohydrogenation of long chain fatty acids: New 
insights from old data. 
 
4.1 Abstract 
Previous investigations into ruminal lipolysis and biohydrogenation (BH) have generally 
quantified these processes with either zero-order or first-order kinetics. This investigation 
examined if Michaelis Menten and other non-linear kinetics might be useful for 
quantifying these processes.  Data from two previously published in vitro experiments 
employing rumen fluid from sheep to investigate the lipolysis of trilinolein, the BH of 
non-esterified linoleic acid (LA) and the BH of fatty acids derived from the lipolysis of 
trilinolein were used for the development of a multi compartmental model. The model 
could well describe the lipolysis of triacyglycerol and resulting production of NEFA. The 
model could also well describe the isomerization of non-esterified LA and subsequent 
BH of RA and VA. However, the model only poorly described the patterns of the 
concentrations of LA, RA, VA and SA after incubation of trilinolein in rumen fluid. The 
model is consistent with known stoichiometry and biochemistry and is parsimonious in 
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 that it employs a minimal number of parameters to describe all of the major aspects of 
lipolysis and BH. The first step in the lipolysis of trilinolein was described by Michaelis 
Menten kinetics (Vmax = 529 ± 16 mg.L-1.h-1, km= 698 ±  41 mg.L-1.  Both subsequent 
lipolysis steps were approximated by a first order (linear kinetics) rate constant (k = 2.64 
± 0.041.h-1). Isomerization of LA to rumenic acid (RA) was modeled by simple Michaelis 
Menten kinetics (Vmax = 2421 ± 83 mg.L-1.h-1, km = 440 ± 22 mg.L-1). The kinetics of 
the BH of RA to vaccenic acid (VA) was described by a Michaelis Menten type process 
involving competitive inhibition by VA (Vmax = 492 ± 6.5 mg.L-1.h-1, km = 1 mg.L-1). 
The final step, the BH of VA to stearic acid (SA) was modeled by a quasi-first order 
process (k = 0.533± 0.021 h-1), but as the concentration of VA increased, its BH appeared 
to be self inhibited such that when the concentration of VA acid exceeded 517 ± 10.4 
mg/L BH was completely inhibited. The major new insights and benefits afforded by this 
model are:  lipolysis and BH are described by non-linear kinetics; high concentrations of 
VA appear to inhibit its own BH; BH of RA appears to proceed at a much greater rate 
when triglyceride is present in the incubation medium; This model provides a conceptual 
framework for researching ruminal lipolysis of triacylglycerol and BH of unsaturated 
LCFA. 
 
Key words: ruminal lipolysis, biohydrogenation, fatty acids, model 
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 4.2 Introduction 
Recently, Moate et al (2004) presented a simple static model to describe ruminal lipolysis 
of dietary fats and ruminal biohydrogenation (BH) of long chain fatty acids (LCFA). 
However, a better understanding of the nature and quantification of these dynamic kinetic 
processes may be needed if we are to make advances in developing sophisticated 
dynamic models that can predict with accuracy, the pattern of individual LCFA absorbed 
from the intestine and subsequently the pattern of LCFA in milk fat.  
 
The kinetics of ruminal lipolysis and BH have been studied for many years (Reiser 1951; 
Kepler et al. 1966). Since the early work of Garton et al. (1961), Kepler et al. (1966), and 
Hawke and Silcock (1969), it has been believed that only non-esterified unsaturated 
LCFA can be biohydrogenated in the rumen. Therefore, the fatty acids occurring on tri, di 
or monoglycerides, and on monogalactosyl-diglyceride must necessarily be freed by 
lipolysis before they can be biohydrogenated.  Noble et al. (1974) provided good 
evidence that the lipolysis of triglycerides (triacylglycerol in modern terminology) takes 
place in a stepwise process. Triglyceride is hydrolysed to produce a diglyceride and a free 
or non-esterified fatty acid (NEFA). Next, the diglyceride is hydrolysed to produce 
monoglyceride and a NEFA. Lastly, the monoglyceride is hydrolysed to produce glycerol 
and a NEFA. While this stepwise process is still taking place, liberated unsaturated 
NEFA can be biohydrogenated to more saturated fatty acids. 
 
The major pathway for the BH of cis-9, cis12 C18:2, or free linoleic acid (LA) is as 
follows (Harfoot and Hazlewood, 1997): 
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 1. LA is first isomerized to produce cis-9, trans-11 C18:2 or conjugated linoleic 
acid (CLA), also known as rumenic acid (RA). 
2. RA is biohydrogenated to produce trans-11, C18:1 or vaccenic acid (VA). 
3. VA is biohydrogenated to produce C18:0 or stearic acid (SA).  
 
All of the above long chain fatty acids are absorbed from the small intestine, transferred 
to the mammary gland and incorporated into milk fat. Recently, RA has been shown to 
have beneficial health and anticarcinogenic effects (Azain 2003; Pariza 1999; Tricon et 
al. 2005). Not surprisingly, much recent research has focused on elucidating how various 
dietary factors influence the rate of BH of LA. One problem associated with many 
previous in vivo and in vitro studies (and models) is that they have usually failed to 
separate the kinetics of lipolysis from BH and have generated rate constants that describe 
the ‘net’ BH of certain unsaturated LCFA (Enjalbert et al. 2003; Troegeler-Meynadier et 
al. 2003; Ribeiro et al. 2007). Few studies have attempted to separately quantify the rate 
of lipolysis of triacylglycerol and the rates of BH of individual unsaturated fatty acids. 
 
A second issue related to lipolysis and BH is that there have been few studies which have 
attempted to identify the specific nature of the kinetic processes involved. Most studies 
have simply assumed that the kinetics of lipolysis, BH or lipolysis and BH combined can 
be described as simple first order processes (Beam et al. 2000; Boufaied et al. 2003; 
Ribeiro et al. 2007). Lipolysis, isomerisation and BH are known to take place due to the 
action of lipases, isomerases and reductases respectively (Kepler et al. 1970; Harfoot and 
Hazlewood, 1997). Thus, instead of the commonly used first order kinetics (linear 
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 kinetics) or zero order kinetics (a specific form of non-linear kinetics), it would seem 
likely that other non-linear kinetics such as Michaelis Menten enzyme kinetics may be a 
more appropriate way to analyze lipolysis and BH related data.  The aim of the work 
described here was to investigate the nature of the separate kinetic processes describing 
lipolysis and BH and to estimate magnitudes of rate constants describing these processes. 
 
4.3 Materials and Methods 
4.3.1 Data 
The data used in this investigation have been previously published and came from two 
experiments that aimed to elucidate the pathways involved in lipolysis and BH (Noble et 
al. 1974). Details of the experimental procedures have been described by Noble et al. 
(1974), but they did not model the data or estimate rate constants for lipolysis or BH. 
 
4.3.2 Lipolysis 
The data used to estimate rates of lipolysis were extracted from Table 2 on page 103 of 
the article by Noble et al. (1974). The lipolysis data came from an experiment in which 
three doses of trilinolein (460, 900 and 1330 mg/L) were incubated in sheep rumen fluid 
in vitro. These doses of trilinolein correspond to LA doses of approximately 323, 646 and 
970 mg/L. Rumen fluid was sampled from the flasks at 0, 0.2, 0.5, 1.0, 2.0, 3.0, 5.0 and 
7.0 hours after the start of the incubation. The samples of rumen fluid were analysed for 
triglyceride, “partial glycerides” and NEFA. Note, the term “partial glycerides” was 
coined by Noble et al. (1974) to represent the sum of mono and diglyceride fatty acids. 
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  Because lipolysis is a stepwise process, a compartmental model was developed to 
describe the process (Figure 4.1).  
 
 
Diglyceride
Monoglyceride NEFA
Triglyceride
Michaelis -Menten kinetics
First-order kinetics
First-order kinetics
Partial
Glycerides
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. A schematic of the stepwise non-linear model used to describe lipolysis of 
trilinolein. 
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  The sequential nature of the lipolysis process was described by the following set of 
differential equations and ancillary system equations: 
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dt 23 k TG t
−
= + ++   Equation 4 
 
)()()( tDGtMGtPG +=      Equation 5 
 
TG(0) = Dose, DG(0) = 0, MG(0) = 0, FFA(0) = 0 
 
Where TG (t) represents the concentration (mg/l) of triglyceride fatty acids present in the 
flask at time ‘t’ hours after the start of the incubation. MG(t), DG(t), PG(t) and FFA(t) 
represent the concentrations of monoglyceride fatty acids, diglyceride fatty acids, partial 
glycerides fatty acids and NEFA respectively. The constant k1 [mg.L-1.h-1] is a Michaelis 
Menten constant representing the Vmax of the initial reaction, while k2 [mg.L-1] is a 
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 Michaelis Menten affinity constant. The term {e-k3 t} in Equation 1,  is a unit-less 
proportion used to reduce the Vmax of the initial step in lipolysis as the age or duration 
of the incubation proceeds and the constant k3 has units of  h-1. The constant k4 [h-1] 
represents a first-order fractional rate constant describing the lipolysis of both the di and 
mono glycerides. The above compartmental model conserves matter and imposes known 
stoichiometry on the kinetic processes. In developing this model, the principal 
considerations were: that the model had to be consistent with biology, the model had to 
be able to describe the experimental data and the model had to be ‘parsimonious’, i.e. 
employ a simple structure and the least possible number of adjustable variables. 
 
4.3.3 Biohydrogenation 
Data for the investigation of the kinetic processes involved in BH of NEFA were 
extracted from Table 1 on page 102 of the article by Noble et al. (1974). These data were 
from an experiment in which three doses of LA (320, 650 and 970 mg/L) were incubated 
in sheep rumen fluid in vitro. As in the previous experiment, rumen fluid was sampled 
from the flasks at 0, 0.2, 0.5, 1.0, 2.0, 3.0, 5.0 and 7.0 hours after the start of the 
incubation. 
 
A compartmental model to describe the BH of the administered LA (as NEFA) was 
developed using standard modeling procedures (Wastney et al. 1999). A schematic of the 
model is shown in Figure 4.2.  
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Figure 4.2. A schematic of the model used to describe the isomerization of linoleic acid 
(LA) and then the stepwise biohydrogenation of rumenic acid (RA) to vaccenic acid 
(VA) and then the final biohydrogenation step to stearic acid (SA). 
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 The equations used to model the initial isomerization and then BH of subsequent 
unsaturated NEFA are as follows: 
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dt k
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Dose0LA =)( , 00RA =)( ,  00VA =)( ,  00SA =)(   
V(t) = k10 – VA(t) if VA(t) < k10, else zero 
  
Where LA(t), RA(t), VA(t) and SA(t) are the concentrations [mg/L] of LA, RA, VA and 
SA respectively at t hours after the start of the incubation. The Dose is the initial 
concentration of free LA. The Michaelis Menten Vmax constants k5 and k7, have units of 
[mg.L-1.h-1] while k6 and k8 are Michaelis Menten affinity constants with units [mg.L-1]. 
In equations 8 and 9, k9 [h-1] is a first order rate constant while k10 in equations 8 and 9, is 
an inhibition constant with units [mg.L-1]. When VA(t) is very small with respect to k10, 
then VA is biohydrogenated to SA in a quasi first-order process. However, as the 
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 concentration of VA increases, it inhibits its own BH such that when VA equals or 
supersedes k10, the BH of VA is completely inhibited.  
 
4.3.4 Biohydrogenation of Fatty Acids derived from Lipolysis of Trilinolein 
In contrast to what happens when free LA is biohydrogenated, Noble et al. (1974) 
showed that the time course profiles of fatty acids are quite different when trilinolein is 
lipolysed. Questions which arise are: Are the time course profiles of LA, RA, VA and SA 
that are derived from the hydrolysis of trilinolein consistent with the rate constants that 
we have determined for the hydrolysis of trilinolein and the BH of free LA, RA, VA and 
SA? Or, do we need to hypothesize, as has been suggested by Noble et al. (1974) that the 
“hydrogenation of free linoleic acid may follow a pathway different from that of 
trilinolein-derived linoleic acid”? 
 
In attempting to answer these questions we used all 10 rate constants estimated for 
hydrolysis and BH and simulated (predicted) the concentrations of LA, RA, VA and SA 
derived from the hydrolysis of trilinolein. The data for this investigation were extracted 
from Table 3 on page 104 of the article by Noble et al. (1974). The hydrolysis of 
trilinolein is expected to release LA, and the time course for the concentration of LA 
released from trilinolein should be described by a combination of equations 4 and 6: 
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 Where Dose in this case is the initial concentration of LA esterified in TG. The 
concentrations of RA, VA and SA are then described by equations 7, 8 and 9 respectively. 
Equation 10, also involves the assumptions imbedded in Equations 1- 9. 
 
4.4 Model Fitting and Data Analysis 
The above equations to describe lipolysis (Equations 1-4) and BH (Equations 5-10) were 
implemented using WinSAAM (which can be downloaded from 
http://www.winsaam.org). WinSAAM, as has been described previously, is ideally suited 
for modeling non-linear biological systems, especially enzyme kinetics (Wastney et al. 
1999).  The model for lipolysis (Equations 1-4), was simultaneously fitted to the data 
describing the three doses of triglyceride and metabolites. The model for BH (Equations 
5-9) was simultaneously fitted to the data describing the three doses of LA and 
metabolites. The methods for using WinSAAM to fit models to data and to make 
predictions based on models (simulation) have been described by Sefanovski et al. 2003).  
  
4.5 Results and Discussion 
4.5.1 Lipolysis 
The model shown in Figure 4.1 was the simplest that we could devise that was consistent 
with biology and stoichiometry and which could describe the disappearance of 
triglyceride fatty acids, and the appearance of fatty acids in partial glycerides and as 
NEFA. The data and model predictions for the disappearance of triglyceride fatty acids 
and appearance of partial glyceride fatty acids and NEFA are shown in Figure 4.3 
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 In Figure 4.3A, the pattern of the disappearance of triglyceride fatty acids exhibits a 
‘hockey stick’ shape which typifies processes that can be described by Michaelis Menten 
kinetics (Wastney et al. 1999). The model predictions shown in Figure 4.3A closely 
match the observed data. 
 
The least squares estimates (± SD) of lipolysis parameters (k1, k2, k3 and k4) are shown in 
Table 4.1. The initial step of hydrolysis of trilinolein (described by Equation 1) had a 
Vmax of 529 ± 16 mg.L-1.h-1 and a km of 698 ± 41 mg.L-1. We have not been able to find 
in the scientific literature other estimates for Michaelis Menten lipolysis parameters to 
compare with our parameters. However, our estimates of Vmax and km for lipolysis are 
consistent with the in vitro zero-order lipolysis rates of between 200 and 400 mg.L-1.h-1 
reported by Gerson et al. (1985). 
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Figure 4.3.  In vitro disappearance of 
triglyceride fatty acids (top panel) from 
incubation media when three doses of 
trilinolein (▲460 mg/L; ■ 900 mg/L or 
● 1330 mg/L) were incubated in rumen 
fluid from sheep. Panel A depicts 
triglyceride fatty acids, panel B depicts 
the appearance of “partial glycerides” 
(i.e. fatty acids in mono and di 
glycerides), while panel C depicts the 
appearance of free fatty acids. The 
symbols represent data and the solid 
lines are the model predictions. Note 
that the concentration axes are scaled 
differently to better display the data. 
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 Table 4.1. Parameters describing the in vitro lipolysis of trilinolein and biohydrogenation 
of linoleic acid 
 
Parameter [unit] Parameter explanation Estimate ± SD 
k1 [mg.L-1.h-1]  Vmax for initial lipolysis step 529 ± 16 
k2 [mg.L-1]  Km for initial lipolysis step 698 ±  41 
k3 [h-1] A constant used to account for the ageing of 
the incubation mixture 
0.0589 ± 0.0076 
k4  [h-1]  First order rate constant describing lipolysis 
of both the mono and di glycerides 
2.64 ± 0.041 
k5 [mg.L-1.h-1] Vmax for biohydrogenation of linoleic acid 2421 ± 83 
k6 [mg.L-1]. km for biohydrogenation of linoleic acid 440 ± 22 
k7 [mg.L-1.h-1] Vmax for biohydrogenation of rumenic acid 492 ± 6.5 
k8 [mg.L-1]. km for biohydrogenation of rumenic acid 
(k8 is non-adjustable) 
1 
k9 [h-1]  Quasi first order rate constant describing 
biohydrogenation of vaccenic acid 
0.533± 0.021 
k10 [mg.L-1] Vaccenic acid biohydrogenation self 
inhibition constant 
517 ± 10.4 
 
 
Beam et al. (2000) carried out an in vitro investigation in which soybean oil was added to 
rumen fluid at approximately 2, 4, 6, 8 and 10%. Inserting these ‘added dose’ 
concentrations into equation 1 to obtain the initial rate of lipolysis, dividing by the added 
dose and then multiplying by 100 we can compare the actual reported percentage/h rates 
of lipolysis with percentage/h lipolysis rates predicted from our model. The reported and 
predicted lipolysis rates (%/h) were: 41.4 vs. 59.4; 33 vs. 48.8, 25 vs. 41.4, 27 vs. 36.0 
and 22.6 vs. 31.9 for 2, 4, 6, 8 and 10% added oil respectively. An important finding by 
Beam et al. (2000) was that the initial percentage rate of lipolysis declined as the amount 
of added fat in the incubation medium increased, and our model predicts the same general 
trend. We note there are considerable systematic discrepancies in the magnitudes of the 
actual and predicted percentage/h rates of lipolysis. However, these predicted in vitro 
lipolysis rates (%/h) for soybean oil are similar to the in vivo lipolysis rate of 52 %/h that 
 130
 Moate et al. (2004) estimated for sunflower oil. This example demonstrates the 
difficulties in comparing rates of lipolysis and BH in different published studies.  
 
Garton et al. (1961) found that the extent of lipolysis ranged from a high of 95% for 
linseed oil to a low of 40% for cocoa butter and Hawke and Robertson (1964) attributed 
the reduced extent of lipolysis to the presence of saturated fatty acids in the cocoa butter. 
Palmquist and Kinsey (1994) carried out in vitro lipolysis studies and reported that at 
concentrations above 2.5 g/L, lipolysis of free fats by ruminal microorganisms is zero-
order with respect to substrate concentration. They reported zero order lipolysis rates of 
225, 46.2, 44.6, 40.4 and 12 mg.L-1.h-1 for A-V blend, fish oil, palm oil, tallow and 
hydrogenated tallow respectively. Thus the findings of Garton et al. (1961) and Palmquist 
and Kinsey (1994) demonstrate conclusively that fat type has a big effect on lipolysis 
rates. The soybean oil used by Beam et al. (2000) contained 11% palmitic acid and 4% 
SA, and so the (%/h) rate of lipolysis of soybean oil would be expected to be somewhat 
less than the predictions based on the lipolysis of trilinolein. Another issue that confounds 
comparisons is that in the published work about in vitro rates of lipolysis and BH, Noble 
et al. (1974), Gerson et al. (1985), Beam et al. (2000) and many other researchers have 
reported concentrations of “added fat” to the incubation medium and not reported the 
actual total triglyceride or NEFA concentrations present in the incubation media. Our 
model assumes that the triglyceride and NEFA concentrations are absolute 
concentrations. However, since the experimental data reported by Noble et al. (1974) are 
based on “added” or net concentrations of triglyceride and NEFA, our estimates of Vmax 
and km for lipolysis and for BH will necessarily be underestimates. With this in mind, a 
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 recommendation arising from this analysis is that in future in vitro investigations, 
researchers are encouraged to report the total concentrations of triglyceride and fatty 
acids in the incubation media. 
  
In Equation 1, the term {exp(-k3 t)} was employed as a unit-less proportion to reduce the 
Vmax as the age of the incubation increased. Thus, since k3 was estimated as 0.0589 ± 
0.0076 h-1, we estimate that the maximal rate of lipolysis declined by approximately 34% 
by the conclusion of the incubation at seven hours. It is not clear what may have caused 
this decline in the maximal rate of lipolysis. The rate of lipolysis has been shown to be 
reduced when rumen fluid pH declines below 6.0 (Van Nevel and Demeyer 1996). Noble 
et al. (1974) reported that the initial pH in their incubation vessels was 7.2, but they did 
not report the extent of pH change during the time course of their incubations. However, 
in closed in vitro systems, pH has been reported to decline by up to 0.6 pH units over a 
period of 7 hours (Troegler-Meynadier et al. 2003; Ribeiro et al. 2007). Thus, it is 
unlikely that pH was the major cause. Nevertheless, we speculate that the build up in the 
incubation vessels of some by-product of fermentation (besides acid conditions) or a 
build-up of products of BH, may have been responsible for this decline in maximal rate 
of lipolysis. Alternatively, death of bacteria and depletion of enzymes or necessary 
cofactors or depletion of feed particles (sites for lipolysis) during the incubation may also 
account for the slowing of the rate of lipolysis as the incubation progressed. In this 
regard, Gerson et al. (1985) showed that the rate of lipolysis declined from 400 to 200 
mg.L-1.h-1 when the NDF% declined from 42.8 to 19.5. Thus, there are many correlated 
factors each of which might influence lipolysis and, it is difficult to determine specific 
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 causes of effects on lipolysis, especially in situations where there may also be 
interactions. 
  
The appearance of partial glyceride fatty acids in the incubation medium was described 
by equations 2, 3 and 5. As can be seen from Figure 4.3B, the model predictions for  
partial glyceride fatty acids did not closely match the data. This was surprising especially 
considering that the model predictions for NEFA (Figure 4.3C), closely matched the data 
and the model predictions for NEFA are dependent on the predictions for partial 
glyceride fatty acids. In attempting to modify equations to predict the transient existence 
of partial glyceride fatty acids and the formation of NEFA, we examined a number of 
alternate kinetic forms including zero-order kinetics, Michaelis Menten kinetics and 
separate first order rate constants to describe the hydrolysis of di and mono-glycerides. 
None of these alternate kinetic descriptions could give a better description of the partial 
glyceride fatty acids. We suspect that a possible explanation for the relatively poor fit of 
the model to partial glyceride fatty acids but good fit to the NEFA data may be that the 
measurement of NEFA is technically simple and therefore likely to more accurate than 
the measurement of partial glyceride fatty acids.  In support of this surmise, we note that 
Garton et al. (1961) using similar chromatographic procedures to those used by Noble et 
al. (1974), were unable to detect any partial glycerides during the lipolysis of linseed oil. 
In this model of lipolysis, the fact that the k1, the Vmax for the initial lipolysis step was 
529 ± 16 mg.L-1.h-1and k2, the km was 698 ± 41 mg.L-1.h-1 while k4, the first order rate 
constant used to describe the lipolysis of the di and mono glycerides had a relatively high 
value of 2.64 ± 0.041 h-1, confirms that it is the first step in the lipolysis of triglyceride 
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 that is the overall rate limiting process for lipolysis. Because k4 was used to describe a 
first order process and k4 had such a high value, this suggests that the enzyme(s) 
responsible for the lipolysis of the di and monoglyceride was not saturated by substrate. 
 
Houde et al. (2004) claim that “Lipolysis occurs at the substrate/water interface and 
therefore cannot be decribed by the Michaelis Menten model, which is valid only for 
biocatalysis in a homogeneous phase, in which the substrate and the enzyme are soluble.”  
We consider that all models are just approximations of reality, and we reject the strictly 
theoretical statement of Houde et al. (2004) because we have shown that Michaelis 
Menten kinetics can in fact describe lipolysis. We consider that far from being 
inappropriate,  Michaelis Menten kinetics are especially suited for describing lipolysis 
since at low substrate concentrations, they approximate to first order kinetics while at 
high substrate concentrations, they approximate to zero order kinetics (Dixon and Webb 
1979).  Thus, Michaelis Menten kinetics can describe the lipolysis process over a wide 
range of substrate concentrations, especially in the concentration range between 0.25 and 
2.5 g/L (which spans the range of triglyceride concentrations normally present in rumen 
fluid) and it is this concentration range that lipolysis is not well described by either zero 
order kinetics (Palmquist and Kinsey 1994) or first order kinetics.  
 
4.5.2 Biohydrogenation 
The data and model predictions of the disappearance of free LA from incubation medium 
and appearance of RA, VA and SA are shown in Figure 4.4A, 4.4B, 4.4C and 4.4D 
respectively.  
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Figure 4.4.  In vitro biohydrogenation of linoleic acid and metabolites when three doses 
of free linoleic acid (▲320 mg/L; ■ 650 mg/L or ● 970 mg/L) were incubated in rumen 
fluid from sheep. Panel A, linoleic acid; Panel B, rumenic acid; Panel C, vaccenic acid; 
Panel D, stearic acid. The symbols represent data, while the dashed lines are the model 
predictions. Note that concentration and time axes are scaled differently to better display 
the data. 
 
In Figure 4.4A, the “hockey-stick” shape to the curves depicting the disappearance of LA 
from rumen fluid is evidence for the Michaelis Menten type kinetics and the reasoning 
behind the development of Equation 6. The least squares estimates (± SD) of BH 
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 parameters (k5, k6, k7, k9 and k10) are shown in Table 4.1.  The Vmax for the BH of LA 
was estimated to be 2421 ± 83 mg.L-1.h-1 while the km for this BH was 440 ± 22 mg.L-1. 
As with lipolysis, we have been unable to find in the scientific literature, comparable 
Michaelis Menten type parameters to describe the isomerization of LA. However, Gerson 
et al. (1985) reported that the zero-order rate of BH of LA ranged between 247 and 516 
mg.L-1.h-1, which is consistent with our estimates for the Vmax and km for the 
isomerization reaction. In contrast, Troegeler-Meynadier et al. (2003) reported that when 
LA in the form of triglyceride was incubated in vitro, the “flux of disappearance of 
linoleic acid” ranged between 8 and 28 mg.L-1.h-1 in one experiment, and between 69 and 
209 mg.L-1.h-1, in another experiment.  
We note that our estimate for the Vmax for the isomerization of LA is much higher than 
the Vmax for the initial lipolysis reaction.  With this in mind, we conclude that the flux 
rates for the disappearance of linoleic acid reported by Troegler-Meynadier et al. (2003) 
must necessarily reflect the relatively slow rate of lipolysis that preceeded the 
isomerization reaction. 
 
In Figure 4.4B, the pattern of the concentrations of RA is typical of a transient product. 
The BH of RA was difficult to model. We tried a number of kinetic schemes and found 
that neither first order kinetics nor a simple Michaelis Menten kinetic process could 
account for the terminal phase of the RA curves. It appeared as if during the latter stages 
of the incubation, something was inhibiting the BH of both RA and VA. We therefore 
tried Bi-substrate Ping Pong inhibition kinetics and standard inhibition kinetics (Wastney 
et al. 1999). In contemplating the BH of RA and VA, we considered the possibility that a 
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 single enzyme might be responsible for the BH of both of these NEFA (Harfoot and 
Hazlewood, 1997). Thus, we envisaged molecules of RA and VA competing for the 
fleeting embrace of the reducing enzyme from group ‘B’ bacteria. Alternatively, high VA 
concentration may reflect a high abundance of group ‘A’  bacteria and low availability of 
the VA reductase, while low VA may reflect high abundance of group ‘B’ bacteria and 
high availability of the VA reductase (Harfoot and Hazlewood 1997). Accordingly, 
Equation 7 is our attempt at describing a Michaelis Menten / competitive inhibition type 
of reaction. We discounted the possibility that inhibition of the BH of RA and VA during 
the later stages of the incubation could be caused by the build-up of acid conditions in the 
incubation medium since Ribeiro et al. (2007) found in an in vitro investigation, that 
there was no significant difference in the ‘net’ rate of BH of RA to VA in either strongly 
or weakly buffered rumen fluid. 
 
It has long been recognized that food particles are the major site for BH of unsaturated 
fatty acids in the rumen (Harfoot et al. 1973, Harfoot et al. 1975). Therefore, it is also 
possible that as the incubation progressed, depletion of feed particles may have played a 
role in reducing the rate of the BH of RA. We also considered that any one of a large 
number of rumen fermentation products or a specific product of BH could be responsible. 
However, in the investigation reported here, VA was the NEFA which attained highest 
concentrations during the terminal stages of the incubation and we proceeded on the 
assumption that a high concentration of VA might account for an inhibitory effect on the 
BH of RA. However, it is also possible that VA is just a proxy for some other rumen 
fermentation product that is produced in parallel with VA or as discussed above, the 
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 depletion of feed particles. In many enzyme systems described by Michaelis Menten 
kinetics, the affinity constant can be difficult to estimate. In modeling the BH of RA, we 
found difficulty in obtaining an identified estimate for the affinity constant k8 in equation 
7. To circumvent this problem we fixed the value of k8 at 1 mg/L. Thus, our estimates for 
k7 , k9 and k10  are dependent upon this contrivance.  
 
One intriguing phenomenon about the BH of C18 fatty acids is that under some 
circumstances, the BH process is incomplete and there can be a build-up of VA in the 
rumen (Kalscheur et al. 1997). In the experiment of Noble et al. (1974), when the initial 
dose of LA was 970 mg/L, almost all of the LA was converted to VA (Figure 4.4C), and, 
as can be seen in Figure 4.4D, with the high dose of LA, after three hours of incubation, 
the BH of VA to SA almost completely ceased. This suggests that some factor(s) must 
inhibit the BH of VA to SA. The data of Kalscheur et al. (1997) and AbuGhazaleh et al. 
(2005) indicate that rumen fluid VA concentrations tend to be elevated when dietary fiber 
content is low and rumen pH is substantially below 6. However, we do not consider that 
low pH was likely to be responsible for the inhibition of the BH of VA in the experiment 
by Noble et al. (1974). In Noble’s experiment, in contrast to the high dose LA incubation, 
there was no sustained build-up of VA concentration with the low dose LA incubation, 
yet Noble et al. (1974) reported that all incubation vessels exhibited similar pH profiles 
during the incubations. The initial pH of the incubation medium was 7.2, and, as 
mentioned above, it is unlikely the pH would have declined below pH 6.0 during the 
seven hours of the incubation. Furthermore, Ribeiro et al. (2007) working with an in vitro 
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 system with pH above 6.0,  reported no significant difference in the net rate of BH of VA 
to SA in either strongly or weakly buffered rumen fluid. 
 
Polan et al. (1964) investigated the BH of LA in vitro. They reported that: “Low levels of 
linoleic acid present in the incubation mixture were readily hydrogenated to stearic acid, 
but, when higher levels of linoleic acid were used, no stearic acid was formed, although 
the proportion of monoenoic acid increased.”  These findings of Polan et al. (1964) are 
similar to the findings of Noble et al. (1974) who reported reduced amounts of stearic 
acid formed when high doses of linoleic were incubated. Polan et al. (1964) interpreted 
their findings as indicating high levels of LA per se, directly inhibit the BH of VA. Noble 
et al. (1974) suggested that some other factors may be responsible for the inhibition of the 
BH of VA since the inhibition persisted for some time after the concentration of LA 
substrate has been reduced to a negligible level.  
 
Moate et al. (2004), when modeling the in vivo BH of trans-octadecenoic acid 
(C18:1trans, which mostly represented VA) and flow of C18:1trans to the duodenum, 
successfully employed an exponential function to decrease the BH rate (%/h) as the 
concentration of  total rumen free long chain fatty acids increased. In this modeling 
exercise we have attempted to identify a specific fatty acid which could account for the 
inhibition of the BH of VA. In our opinion, LA cannot account for the inhibition of the 
BH of VA to SA, because it is essentially absent from the incubation medium after one 
hour (Figure 4.4A). During the terminal stages of the incubation, only VA was present at 
very high concentrations, and therefore we postulated that high concentrations of VA 
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 might inhibit its own BH. Substrate inhibition at high concentrations is a recognized 
phenomenon in enzyme kinetics (Ferdinand, 1966).  We therefore modeled the BH of VA 
by employing the concentration of VA as an inhibitor of its own BH. In Figure 4.4C we 
see that the self inhibition kinetics described by Equation 8, could very well describe the 
VA concentration patterns resulting from the incubation of the three doses of LA. The 
concentrations of SA were also reasonably well predicted (Figure 4.4D). 
 
4.5.3 Biohydrogenation of Fatty Acids derived from Lipolysis of Trilinolein 
The data and model predictions on the concentrations of LA, RA, VA and SA derived 
from the hydrolysis of trilinolein are shown in Figure 4.5. In comparison to the patterns 
of LA concentrations following incubation of the free fatty acid (Figure 4.4A), our model 
accurately predicted that only very low concentrations of LA would be present following 
the incubation of trilinolein (Figure 4.5A). It is generally considered that with respect to 
ruminal lipid transformations, isomerization and BH can only take place when there is a 
free carboxyl group on a fatty acid molecule (Hawke and Silcock 1969).  
 
Despite the widespread acceptance of this ‘axiom’, we have been able to find only scant 
evidence for this (Garton et al. 1961; Garton 1964; Patton and Kesler 1967). If LA 
attached to tri, di or mono glycerides could be isomerized to RA, then we would have 
expected lower concentrations of LA than predicted by our model. The fact that the 
measured concentrations LA in Figure 4.5A are all slightly greater than the 
concentrations predicted by our model, provides additional circumstantial evidence in 
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 support of the thesis that there is a requirement for a free carboxyl group for the 
isomerization of LA to RA to occur. 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
Figure 4.5.  In vitro biohydrogenation of free fatty acids derived from the lipolysis of 
three doses of trilinolein (▲460 mg/L; ■ 900 mg/L or ● 1330 mg/L) incubated in rumen 
fluid from sheep. Panel A, linoleic acid; Panel B, rumenic acid; Panel C, vaccenic acid; 
Panel D, stearic acid. The symbols represent data, while lines are model predictions. Note 
that concentration axes are scaled differently to better display the data. 
 
Our model predicts that the concentrations of RA should be much higher than the actual 
measured concentrations (Figure 4.5B). This discrepancy between the model predictions 
and the data suggests that when RA is derived from the lipolysis of trilinolein, the BH of 
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 RA proceeds at a much faster rate than when triglyceride is not present within the 
incubation medium. Triglyceride and fatty acids in the rumen fluid are mostly adsorbed 
to the surface of feed particles (Harfoot et al. 1974; Harfoot et al. 1975), and BH is 
known to take place on the surface of feed particles (Harfoot et al. 1973). We speculate 
that in comparison to the situation where only free fatty acids are adsorbed to the surface 
of feed particles, the presence of adsorbed triglyceride on the surface of feed particles 
might cause a different orientation of adsorbed free RA and this different orientation 
might be more favorable for the interaction between RA and the reductase. 
 
In Figures 4.5C and 4.5D, the concentration profiles of VA and SA were relatively 
similar to those that occur when free LA is incubated (Figure 4.4C and 4.4D). Part of the 
explanation why the simulations (predictions) of the fatty acids derived from trilinolein 
shown in Figures 4.5A, 4.5B, 4.5C and 4.5D do not match well the observed data is that 
we have not attempted to model a number of fatty acid isomers that were only evident 
during the incubation of trilinolein.  Difficulties encountered in modeling the BH of fatty 
acids derived from trilinolein may have been due to lack of accuracy in measurement of 
the very low concentrations of LA and RA. The other issue that impacted greatly on the 
modeling of both lipolysis and BH was the fact that data from only 8 time points were 
available.  
 
4.6 Comparison with Other Models 
No existing dynamic models describe the ruminal lipolysis of triglyceride as well as the 
stepwise BH of individual unsaturated LCFA. Dijkstra et al. (2000) have presented a 
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 qualitative description of a rumen fat model in which ruminal lipolysis of fat is depicted 
by means of a first order rate constant, and BH of an aggregate of unsaturated LCFA by a 
Michaelis Menten equation. However, neither the equations nor parameter values of their 
model are presented, preventing comparison with the parameter values estimated in this 
work. More recently, Ribeiro et al. (2007) presented a dynamic model of in vitro BH of 
unsaturated fatty acids in alfalfa. However, their model really depicts a combination of 
lipolysis and BH, as they did not model the separate kinetics of lipolysis and BH. Further, 
the model of Ribeiro et al. (2007) utilizes first order (linear) kinetics to describe the net 
BH of individual unsaturated fatty acids. Thus, although the model of Ribeiro et al (2007) 
described well the temporal patterns of LCFA intermediates following the incubation of 
fresh alfalfa and alfalfa hay with low concentrations of total fatty acids (2.1 and 0.8 
%/DM respectively), their model does not have non-linear rate constants that would 
allow the accurate description of an accumulation of VA that might occur if an alfalfa 
substrate containing high concentrations of linoleic or linolenic acid were to be 
incubated. 
 
4.7 Conclusions 
We have presented a compartmental model to describe the in vitro lipolysis of 
triglyceride, the isomerisation of free LA and BH of RA and VA in rumen fluid from 
sheep. The model is consistent with stoichiometry and biochemistry and is parsimonious 
in that it employs a minimal number of parameters to describe all of the major aspects of 
lipolysis and BH. The model describes various reactions by first-order (linear kinetics) 
and by Michaelis Menten, and other non-linear forms of kinetics. The estimates and 
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 standard deviations are provided for the nine adjustable parameters concerned with 
lipolysis and BH. All but one of these parameters were well identified. The model 
described well the lipolysis of triacylglycerol and resulting production of NEFA. The 
model also described well the isomerization of non-esterified LA and subsequent BH of 
RA and VA. However, the model poorly described the patterns of the concentrations of 
LA, RA, VA and SA after incubation of trilinolein in rumen fluid. An important insight 
gained from this modeling investigation is that the BH of VA may be self inhibited. 
Another important insight is that the rate of BH of RA may be faster in the presence of 
trilinolein than in the presence of free fatty acids only. It is considered that experiments 
investigating the potential for high concentrations of VA acid to inhibit the BH not only 
of VA, but also of RA are warranted. The modeling carried out here highlights the 
desirability that when in vitro investigations of lipolysis and BH are being conducted, 
researchers are encouraged to report the profiles of the absolute concentrations of 
triglycerides and fatty acids in incubation media as well as pH and measures of feed 
particles and culture activity/viability at each time point. Furthermore, because the in 
vitro investigations modeled here were with sheep rumen fluid, further similar 
investigations with rumen fluid from cows are warranted. 
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 Chapter 5.  
Milk Fatty Acids I: Variation in the 
Concentrations of Individual Fatty Acids in 
Bovine Milk.  
 
The work described herein has been published in Journal of Dairy Science as: 
Moate, P. J., W. Chalupa, R. C. Boston and I. J. Lean. 2007. Milk fatty acids I: Variation 
in the concentrations of milk fatty acids. J. Dairy Science. 90:4730-4739. 
 
5.1 Abstract 
Data from 29 published experiments on Holstein cows that provided 120 dietary 
treatments were collated to obtain means, standard deviations and ranges for the 
concentrations (mg/g) of 26 major individual fatty acids in bovine milk fat. The influence 
of diet type (total mixed ration versus pasture based diet) on concentrations of individual 
fatty acids is examined. Pairwise correlations for concentrations (g/kg) of individual fatty 
acids in milk showed that almost all of the individual de novo fatty acids were 
significantly (P<0.05) correlated with each other and with the total concentration of de 
novo fatty acids. Concentrations of individual unsaturated preformed fatty acids were 
generally positively correlated with each other but negatively correlated with 
concentrations of total de novo fatty acids. Substantial variation occurs in the 
concentrations of individual milk fatty acids and apart from those synthesized de novo, 
concentrations of individual fatty acids do not vary in concert. The adequacy of literature 
data for the development of a model to predict the production of the major individual 
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 fatty acids in milk is discussed. The limitations associated with the currently available 
studies that may be used in a predictive model are: failure of many publications to 
adequately describe dietary details, reporting poorly defined milk fatty acids, aggregating 
a number of closely related fatty acids under a single category, and the selective reporting 
of only those fatty acids that are present in milk fat in appreciable quantities. Despite 
these limitations, there are sufficient data to enable development of a model to predict the 
concentrations and production of major individual fatty acids in milk fat. The extreme 
variability in concentrations of individual milk fatty acids and the complex matrix of 
positive and negative correlations between the concentrations of many individual fatty 
acids, suggest that separate equations will be needed to predict the production of each 
individual milk fatty acid. 
 
Key Words: milk, fatty acid, concentration   
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 5.2 Introduction 
Milk fat, which is the principal energy component of milk, is almost entirely (ca. 98%) 
composed of triglycerides (Taylor and MacGibbon, 2002). Triglycerides are composed of 
a glycerol backbone and three fatty acids. In the 1980’s and early 1990’s, a number of 
excellent reviews were published describing how cow level factors and feeding practices 
influence the fatty acid profiles of milk fat (Grummer, 1991; Jensen et al., 1991; 
Palmquist et al., 1993; Sutton, 1989). 
 
Milk fat is now known to contain more than 400 individual fatty acids (Jensen, et al., 
1991).  In recent years, there have been improvements in analytical techniques which 
have facilitated the routine reporting of a large number of the less common geometric and 
positional isomers of octadecenoic and octadecadienoic acids. The discoveries that cis-9, 
trans-11 linoleic acid has anticarcinogenic properties (Parodi, 2002), that milk fat 
depression is specifically associated with an increase in the concentration in milk of 
trans-10 C18:1 isomer, rather than to trans 18:1 isomers in general (Griinari et al., 1998) 
and that trans-10, cis-12 C18:2 has potent effects on lowering milk fat concentration 
when injected or infused post-ruminally (Parodi, 2002), triggered an explosion of 
research in this area. During the last ten years, more than a hundred articles have been 
published which describe the influence of a wide range of nutritional treatments on milk 
fat yield and composition. These publications often tabulated fatty acid profiles from C4 
to C22:6.  Fat supplements fed in these experiments involved a diverse range of 
traditional fat supplements including tallow, oil seeds and fish oil, and some 
novel/commercial products including calcium salts of palm oil fatty acids, prilled tallow 
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fatty acids, bio-engineered soy-seeds high in oleic acid and new varieties of flax seed 
high in linolenic acid. 
 
Despite these advances, there has to our knowledge, been no publication which has 
documented the average concentration or the variability in concentration of major fatty 
acids or various isomers of octadecenoic acid and octadecadienoic acid in milk fat. Also, 
to our knowledge, no statistical or dynamic mathematical model has been developed to 
predict the influence of dietary and cow level factors on the profile of major fatty acids in 
milk fat. Documentation and examination of the means and standard deviations, and 
correlations of the concentrations of the major fatty acids in milk fat is a necessary 
starting point for the development of such a model. In respect to the development of a 
mathematical model, examination of the available literature data enables an assessment of 
the adequacy of data in terms of scope, reliability and accuracy of data.  
 
The first objective of this paper was to describe how data from the scientific literature 
were collated into a data-set relating how dietary and cow level factors influence milk 
fatty acid profiles. This data-set is used in a companion paper in which we describe 
development of regression equations to predict production of 26 major fatty acids in milk 
fat. A second objective of this paper was to document the mean and variability in 
concentrations of major individual fatty acids that occur in bovine milk and to examine 
how concentrations of individual fatty acids in milk fat may vary in relation to the 
concentrations of other fatty acids in milk fat. 
 5.3 Materials and Methods 
5.3.1 Data Collection 
Data were obtained from original scientific publications. Relevant papers were identified 
using computerized searches of CAB Abstracts, PubMed, Medline, and the electronic 
indices of Journal of Dairy Science and Journal of Dairy Research. Experimental factors 
and results published in 28 articles (Table 5.1) on the influence of diet on milk fat yield 
and profile of individual fatty acids were collected and collated. Articles were published 
between 1992 and 2006 and reported trials performed in North America (n=20), Europe 
(n=6) and Oceania (n= 2). Only papers published since 1992 were included in this 
analysis, since it has only been in the last 15 years that many authors have included in 
their articles comprehensive listings of a large number of milk fatty acids (from C4:0 to 
C22:6). 
 
The criteria used for inclusion of an article were that the article had to report the 
following data: total milk yield (MY, kg/d), total milk fat yield (MF, g/d) or milk fat 
percentage (g/100g milk), profile (g/100g) of individual milk fatty acids including at least 
C8 to C18:3, days in milk (DIM), total DMI (kg/d), total concentration of fatty acids in 
the diet (FA, g/kg DM), NDF content of the diet (g/kg DM), crude protein content of the 
diet (g/kg DM) and proportions (by DM) of all the major feeds in the diet. Although more 
than 100 articles were found that contained extensive tabulation of milk fatty acid 
profiles, many lacked either some or all critical descriptions of dietary factors needed for 
the development of a predictive model, and these were therefore not included in the 
database.
 154
 Table 5.1. Source of data, main production variables and dietary treatments in the experiments included in the analysis.  
Reference  n1 DMI 
  kg/d 
Milk yield 
kg/d 
FA intake 
g/d 
Milk FA 
g/d 
Treatments2 
AbuGhazaleh et al., 2003 4 21.8 -22.8 28.9 – 31.7 893 - 970 693 -891 F, T 
Allred et al., 2006 4 26.1 – 28.8 39.1 – 41.0 1328 - 1794 999 – 1242 P, O, F 
Avila et al., 2000 4 23.9 – 25.0 32.7 -35.3 762 - 1263 1071 - 1134 T 
Christensen et al. 1994 5 19.3 – 22.9 29.4 – 33.1 772 - 1067 846 – 981 In 
Donovan et al. 2000 4 20.4 – 29.0 27.4 – 34.2 804 - 1160 594 – 837 F 
Drackley et al. 1992 4 22.7 – 25.1 30.7 – 33.6 809 - 1201 898 – 1000 In 
Elliott et al. 1993 4 23.8 – 27.2 37.8 – 42.4 734 - 2047 1044 - 1170 T 
Enjalbert et al. 2000 4 18.5 21.3 – 24.5 777 - 1256 745 – 1028 In 
Gonthier et al. 2005 4 15.2 – 15.9 18.0 - 21.1 557 - 1163 585 – 729 S 
Jones et al. 2000 4 19.7 – 21.5 30.3 - 31.6 1005 - 1139 630 – 729 F 
Kay et al. 2004 4 15.9 – 16.3 19.9 – 22.7 636 - 1076 747 – 855 G, O 
Kay et al. 2005 3 16.0 – 20.0 12.5 – 19.8 800 - 920 506 – 691 G 
Loor et al. 2005a 4 19.6 – 20.4 24.2 – 28.8 326 - 1040 495 – 855 O 
Loor et al. 2005b 3 17.1 – 19.3 24.4 – 26.5 701 - 1274 621 – 648 F, O 
Lundy et al. 2004 4 17.2 – 20.1 32.0 – 34.6 1049 - 1142 717 – 1163 P 
Morales et al. 2000 4 18.1 – 20.1 27.3 – 29.3 834 - 1095 595 – 774 T, S 
Onetti et al. 2004 5 26.5 – 27.6 43.6 – 44.8 1132 - 1347 1053 - 1305 T 
Pottier et al. 2006 2 18.7 – 18.9 26.3 – 27.4 1083 - 1092 810 – 936 O 
Reveneau et al. 2005 5 22.2 – 23.8 39.9 – 42.7 1177 - 1476 1020 - 1134 G, S 
Ruppert et al. 2003 6 21.4 – 24.8 32.3 – 34.2 588 - 1260 819 – 1053 T 
Salawu et al. 2002 6 14.0 – 16.5 20.8 – 23.7 258 - 355 927 – 1066 O 
Schauff and Clark 1992 4 19.6 – 25.1 31.2 – 38.1 552 - 1646 1089 - 1287 P 
Schauff et al. 1992 4 20.0 – 23.6 33.3 – 38.1 552 - 1740 909 – 1116 P 
Shingfield et al. 2005 8 19.5 – 21.0 27.9 – 28.9 321 - 403 1064 - 1150 G 
Tice et al. 1994 5 16.6 – 18.2 16.0 – 19.4 843 - 1065 459 – 567 S 
Ward et al. 2002 4 19.1 – 20.0 23.3 – 24.7 732 - 1191 837 – 891 S 
Whitlock et al. 2002 4 21.6 – 24.5 29.1 – 34.6 656 - 1004 711 – 1008 F 
Whitlock et al. 2003 4 26.2 – 28.7 35.2 – 37.2 718 - 783 1224 - 1269 S 
1n is the number of dietary treatments in each experiment 
2Treatments: G= grazing experiment; T=tallow or similar fat supplement; O = oil supplement; S= oil-seeds or high oil content corn; 
 P = protected fatty acid supplement; In = infusion of fatty acids into the abomasum.  
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 Articles describing experiments where milk fat percentage and milk fatty acid 
composition were influenced by the oral, abomasal or intravenous administration of 
mixtures of pharmacological quantities of conjugated linoleic acid (CLA) were excluded 
from the analysis. Four articles were not included in the database since these listed milk 
fatty acid profiles that contained obvious and substantial errors.  
 
The 28 articles described a total 29 experiments and 120 dietary treatments (Table 5.1). 
Each article usually described four experimental treatments (range 2 – 8 treatments), and 
there were generally at least four cows in each treatment. Cows were usually blocked into 
groups according to BW, calving date and pre-experimental period milk yield. These 
were then randomly assigned to treatment groups and maintained in controlled conditions 
during the course of the experiment. Many of the experiments involved Latin square 
designs in which cows cycled through experimental treatments during the course of the 
experiment. 
 
Cows in all experiments were Holstein-Friesian. Cows in the experiment by 
AbuGhazaleh et al. (2003) were primiparous, cows in the experiment by Morales et al., 
(2000) were a mixture of primiparous and multiparous, while cows in all other 
experiments were multiparous. The mean and standard deviation of bodyweight (kg) of 
cows in each treatment group was 616 ± 16, and for DIM, 103 ± 61. Cows were fed 
either a total mixed ration (TMR) (24 experiments, 102 diets) or were involved in grazing 
experiments (5 experiments, 18 diets) where these may also have received dietary 
supplements. In most experiments, one group of cows received a ‘control’ diet, and other 
groups of cows received the control diet plus a substantial amount of a fat 
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 supplement.The diets covered a wide range of different types of treatments and 
supplements. In this database, there are 10 dietary treatment groups that received dietary 
supplements containing oilseeds, 19 diets containing tallow, grease or similar 
supplement, 11 diets with calcium salts of palm oil fatty acids, 14 diets with plant oils 
and 6 diets with fishmeal, 16 diets with fish oil and 12 diets where fatty acids were 
infused into the abomasum. The average composition of major chemical components in 
the diets was: NDF% 35.7 ± 6.4; CP% 17.3 ± 1.8; total fatty acids as %DM 4.6 ± 1.7.  
 
Treatment means for production data from each publication were entered into an Excel 
2006 (Microsoft Corporation) spreadsheet. The production data included: daily MY, MF, 
and the profile of milk fatty acids (C4- C22:6). Data on each individual milk fatty acid 
(FAi) was generally reported as g of FAi per 100 g of total milk fatty acids. A summary 
of the main production data used in this analysis is shown in Table 1. Across all treatment 
groups the production of milk was 30.4 ± 7.2 (kg/d) and milk fat 1011 ± 235 (g/d). The 
26 major milk fatty acids that were entered into the spreadsheet included: C4:0 C6:0, 
C8:0, C10:0, C12:0, C14:0, cis-9 C14:1, C16:0, cis-9 C16:1, C17, C18:0, cis-9 C18:1, 
trans 6-8 C18:1, trans-9 C18:1, trans-10 C18:1, trans-11 C18:1, trans-12 C18:1, cis-9, 
cis-12 C18:2 , cis-9, trans-11 C18:2, trans-10, cis-12 C18:2, OCLA (Other CLA), C18:3, 
C20:0, C20:5, C22:6 and ‘Other’. 
 
Various publications reported different fatty acids and possibly had different reporting 
conventions. For many fatty acids, the exact isomer description was often not reported. In 
tabulating reported milk fatty acid data in the database, C14:1 was assumed to be cis-9 
C14:1 unless otherwise indicated, and C16:1c was assumed to be cis-9 C16:1. Fatty acids 
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 with 17 carbon atoms were generally not reported or sometimes there was no distinction 
between C17:0 and C17:1fatty acids. In this analysis C17 represents the combination of 
C17:0 and C17:1fatty acids. Frequently, C18:1 was reported with no indication if this 
represented a cis or trans isomer or combination of both. In this situation, C18:1 was 
assumed to represent cis-9 C18:1. When C18:1t was the only description of trans 
octadecenoic acid, this was assumed to represent trans-11 C18:1. When C18:2 was the 
only description of octadecadienoic acid, this was assumed to be cis-9, cis-12 C18:2, and 
when C18:3 was reported, this was assumed to be cis-9, cis-12, cis-15 C18:3. 
 
In most publications, the individual milk fatty acids were reported in units of grams/100 
grams of milk fatty acids. In many publications, the total of all the reported fatty acids 
summed to approximately 93 grams, and it was assumed that the approximately 7 gram 
discrepancy could be described as ‘Other’ fatty acids. These ‘Other’ fatty acids possibly 
represented many unidentified acids such as odd and branched chain fatty acids and also 
positional isomers of some of the more common fatty acids.   
 
Milkfat production (MF, g/d) was either obtained directly from each publication or 
calculated from MY and milk fat percentage: 
 
  MF = MY * milk fat percentage * 10 
 
  Milk fat was assumed to contain 93.3% milk fatty acids (Glasser et al. 2007): 
 
  Total Milk fatty acids (PTotalFA, g/d) = MF * 0.933  
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  Production of individual fatty acids (PFAi, g/d) was calculated as: 
 
  PFAi = PTotalFA * FAi / 100 
 
Where FAi is the % (w/w) of each of the following individual milk fatty acids in the total 
milk fatty acids: C4:0, C6:0, C8:0, C10:0, C12:0, C14:0, cis-9 C14:1, C15:0, C16:0, cis-9 
C16:1, C17; C18:0, trans-6-8 C18:1, trans-9 C18:1, trans-10 C18:1, trans-11 C18:1, 
trans-12 C18:1, cis-9 C18:1, cis-9, cis-12 C18:2, cis-9, trans-11 C18:2, trans-10, cis-12 
C18:2, CLAother, C18:3, C20:0, C20:5, C22:6, and Others. The concentration (g/kg) of 
individual fatty acids in milk was calculated as: 
 
  [Fai] = PFai / MY 
 
Fatty acids in bovine milk are considered to be either produced de novo in the mammary 
gland or to be derived from plasma lipids. Generally C4:0 to C14:0 and some C16:0 is 
thought to be produced de novo in the mammary gland (Grummer, 1991). In this 
investigation, the production of Total De novo fatty acids is defined as the sum of PC4:0 
to PC15:0, 
 
    
i=15
i
i=4
Total de novo production (g/d) = PFa∑
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 Milk fatty acids that are not produced de novo in the mammary gland, are often termed 
‘preformed’ fatty acids (McGuire and Bauman, 2002). Preformed fatty acids are 
generally considered as containing some C16 milk fatty acid and milk fatty acids with 
more than 16 carbon atoms. In this analysis, the term ‘preformed fatty acids’ will be used 
to signify only fatty acids with more than 16 carbon atoms:  
∑=
=
=
22i
17i
Fa (g/d) Fa preformed Total i  
 
5.3.2 Statistical Analysis 
Simple statistics (means, standard deviations, medians, minima and maxima) were 
calculated to describe the concentrations (mg/g) of the major individual fatty acids in 
milk fat. Least squares means and standard deviations of the individual fatty acids in 
milks from cows fed TMR and pasture based diets were obtained by means of categorical 
regressions clustered on experiment. Multiple pairwise correlations employing the 
Bonferroni adjustment were made between concentrations of the major individual fatty 
acids, groupings of fatty acids and total milk fat concentration. All statistical analyses 
were performed with STATA software version 9. (Stata, 2007).  
 
5.4 Results and Discussion 
There were a large number of trials that contributed to the database used in the project. 
While the studies used in the database were recent, there was an unfortunate lack of 
dietary information in some. Further, some papers did not provide sufficient detail on 
fatty acid composition to meet the detail required in this study and assumptions were 
therefore necessary regarding the composition of some of the milk fatty acids. It is 
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 acknowledged that these assumptions may result in some slight over estimation of the 
contribution of the major C18:1, C18:2 and C18:3 fatty acid isomers. Indeed, considering 
just C18:1, analytical limitations to detection or differentiation, may mean that some 
researchers necessarily had to aggregate a number of octadecenoic fatty acid isomers 
under C18:1.  
 
5.4.1 Concentrations of Total and Individual Fatty Acids in Milk. 
In carrying out this investigation, we had to decide on the most appropriate method to 
estimate the concentrations of total and of individual milk fatty acids in milk fat. Glasser 
et al. (2007) have recently presented a technical note in which they explained that if milk 
fat was assumed to be composed entirely of triglycerides, then their data indicated that 
milk fat contains 94.4 ± 0.2% fatty acids. We repeated their calculations with this dataset 
and obtained a value of 94.6 ± 0.2% thus confirming the accuracy of this coefficient and 
its very small standard deviation. However, Glasser et al. (2007) further refined their 
calculations to take into account the presence in milk fat of other fatty constituents 
besides triglycerides, and found that a constant coefficient of 93.3% is most appropriate 
to describe the concentration of fatty acids in milk fat, and therefore we adopted the latter 
coefficient. 
 
A summary of the proportions of 26 major milk fatty acids in the total milk fatty acids 
(mg/g of total milk fatty acids) from the 120 experimental diets is shown in Table 5.2. 
Table 5.2 presents, to our knowledge, the first summarized tabulation of literature data of 
the concentrations of many of the recently discovered, or only recently routinely reported, 
positional and stereo isomers of many unsaturated fatty acids.  
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Not all 26 fatty acids were reported in every publication, but more than 100 estimates 
were available on individual concentrations of C6:0, C8:0, C10:0, C12:0, C14:0, cis-9 
C14:1, C16:0, cis-9 C16:1, C18:0, cis-9 C18:1, cis-9, cis-12 C18:2, and cis-9, cis-12, cis-
15 C18:3. 
 
Concentrations of major milk fatty acids shown in Table 5.2 are generally consistent with 
those reported in previous reviews (Jensen et al., 1991; Palmquist et al., 1993; Jensen 
2002). However, two interesting discrepancies are concentrations of C14:1 and C16:1 
shown in Table 5.2, which are approximately 50% lower than concentrations previously 
reported for these fatty acids by  Palmquist et al., (1993). This difference may reflect 
improved accuracy of analytical methods since 1993. Difficulties in resolving closely 
related fatty acids determined using older analytic methods may have lead researchers to 
aggregate a number of fatty acids. Thus in the older publications, C15 was frequently not 
reported and during analysis, this fatty acid may have been aggregated with cis-9 C14:1. 
We speculate that a similar situation may have occurred with cis-9 C16:1 and C17:0. 
 
A major finding of this analysis is that for many of the individual fatty acids listed in 
Table 5.2, concentrations had standard deviations that ranged from less than 25% to more 
than 100% of the mean values. This high degree of variability highlights the need for 
equations that predict the influence of diet and other factors on the fatty acid profile of 
milk fat. 
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 Table 5.2. The proportions of 26 individual fatty acids (mg/g) in the total milk fatty acids 
from milks described in 28 publications. 
 
Fatty acid N6 Mean± SD Median Min Max 
C4:0 95 31.3 ± 6.8 29.9 18.4 49.2 
C6:0 111 19.4 ± 5.2 19.2 6.3 32.3 
C8:0 111 11.7 ± 3.5 12.0 4.8 20.9 
C10:0 111 24.8 ± 7.3 25.0 10.3 39.4 
C12:0 111 29.9 ± 8.5 29.0 15.0 52.2 
C14:0 111 103.8 ± 17.1 101.7 63.3 135.0 
C14:1 c9 101 10.8 ± 3.6 10.9 3.5 21.3 
C15:0 88 10.5 ± 3.3 10.2 4 22.6 
C16:0 120 285.1 ± 49.8 281.5 147.1 462.1 
C16:1 c9 109 17.3 ± 6.3 17.3 4 36.5 
C17 78 7.3 ± 3.5 5.9 3.3 16.7 
C18:0 120 105.1 ± 35.9 99.7 30.6 268.7 
C18:1 t6-8 33 4.6 ± 2.1 4.9 1.2 9.6 
C18:1 t9 37 4.4 ± 2.0 4.4 1.4 11.4 
C18:1 t10 30 13.1 ± 15.2 8.1 0.3 64.7 
C18:1 t11 90 33.3 ± 21.8 32.6 5.8 99.5 
C18:1 t12 19 6.5 ± 3.6 6.3 0.9 12.7 
C18:1 c9 120 205.0 ± 53.5 199.6 70.3 371.4 
C18:2 c9, c12 120 31.3 ± 21.1 26.6 5.1 133.0 
C18:2 c9, t11 76 10.2 ± 6.0 8.4 2.8 24.5 
C18:2 t10, c12 35 0.4 ± 0.3 .3 0 1.4 
C18:2 c11, t13 6 0.4 ± 0.3 0.3 0.2 0.9 
OCLA5 25 1.5 ± 1.4 1.1 0 4.2 
C18:3 114 5.9 ± 3.6 4.9 0.2 19.0 
C20:0 30 1.5 ± 0.6 1.5 0.4 3.0 
C20:5 39 1.0 ± 1.1 0.5 0 4.8 
C22:6 31 0.7 ± 0.7 0.4 0 2.6 
Others 120 75.1 ± 56.2 76.4 0 237.3 
Total CLA 82 10.3 ± 6.6 8.3 3 28.4 
Total C18:1trans1 94 42.5 ± 26.3 39.5 8.6 145.1 
Total de novo2 120 232.6 ± 42.4 237.9 136.6 300.6 
Total C163 120 300.9 ± 52.7 303.0 154.2 462.1 
Total Preformed4 120 466.5 ± 75.8 477.4 315.6 641.3 
1Total C18:1trans is the sum of C18:1t6-8, C18:1t9, C18:1t10, C18:1t11 and C18:1t12 
isomers. 
2Total de novo is the sum of C4:0 – C15:0 fatty acids. 
3Total C16 is the sum of C16:0 and C16:1 
4Total Preformed is the sum of all milk fatty acids with more than 17 carbon atoms. 
5Other CLA 
6N is the total number of dietary treatments contributing to each mean. 
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 Table 5.3 summarizes the least-squares mean concentrations (g/kg milk) of total and 
individual fatty acids in the milk of cows fed TMR and pasture based diets. Table 5.3 is 
somewhat unusual in that the unit of concentration of milk fatty acids is g/kg milk instead 
of the more traditional g/100g of milk fatty acids. We chose to document the fatty acid 
concentrations in this way because it is an easy unit to conceptualize and it removes the 
complicating process that occurs with the traditional unit, of trying to determine if it is a 
change in the fatty acids in the numerator or denominator that results is a particular 
proportion. 
 
Although concentrations of Total fatty acids, Total de novo fatty acids, Total C16 and 
Total preformed fatty acids were all numerically higher in the milk from cows fed pasture 
based diets compared to the milk of cows fed TMR based diets, none of these were 
statistically higher (P >0.05). Concentrations of C15:0 and C17 were higher (P<0.05) in 
milk from cows fed pasture based rations compared to the concentrations in milk from 
TMR fed cows. These findings are consistent with recent findings by Couvreur et al. 
(2006) who showed a positive linear relationship between the proportion of fresh grass in 
the diet and the concentrations of C15:0 and C17 fatty acids in milk fat. 
 
The estimated mean concentration of Total trans-C18:1fatty acids was higher in milk 
from pasture fed cows compared to TMR fed cows principally because of higher 
concentrations of trans-11 C18:1 in milk from pasture fed cows. Diet type (pasture vs. 
TMR based diet) also was associated with significant differences in concentrations of a 
number of other acids including trans-10 C18:1, cis-9, cis-12 C18:2, C20:0 and C20:5 (P 
<0.05). 
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 Table 5.3. Least-squares mean concentrations (g/kg) of major fatty acids in milk and 
milk production (kg/d) from cows fed TMR or pasture based diets. 
Item TMR Pasture 
Fatty acid N6 Mean ± SD N6 Mean± SD 
C4:0 77 1.02 ± 0.07 18 1.25 ± 0.19 
C6:0 93 0.66 ± 0.06 18 0.84 ± 0.13 
C8:0 93 0.40 ± 0.04 18 0.51 ± 0.09 
C10:0 93 0.83 ± 0.07 18 1.13 ± 0.19 
C12:0 93 1.01 ± 0.09 18 1.28 ± 0.21 
C14:0 93 3.46 ± 0.21 18 4.53 ± 0.53 
C14:1 c9 83 0.36 ± 0.03 18 0.39 ± 0.07 
C15:0 75 0.33 ± 0.03 13 0.62 ± 0.09 ** 
C16:0 102 9.47 ± 0.64 18 11.81 ± 1.54 
C16:1 c9 91 0.58 ± 0.03 18 0.54 ± 0.11 
C17 65 0.20 ± 0.01 13 0.61 ± 0.03 ** 
C18:0 102 3.44 ± 0.27 18 4.88 ± 0.55 
C18:1 t6-8 32 0.14 ± 0.01  na7  
C18:1 t9 36 0.13 ± 0.01  na7  
C18:1 t10 20 0.51 ± 0.14 10 0.11 ± 0.013 * 
C18:1 t11 72 0.93 ± 0.13 18 1.59 ± 0.07 ** 
C18:1 t12 14 0.22 ± 0.05 5 0.19 ± 0.12 
C18:1 c9 102 7.08 ± 0.40 18 6.35 ± 0.37 
C18:2 c9, c12 102 1.10 ± 0.11 18 0.58 ± 0.16 * 
C18:2 c9, t11 58 0.34 ± 0.04 18 0.27 ± 0.04 
C18:2 t10, c12 30 0.011 ± 0.002 5 0.012 ± 0.004 
C18:2 c11, t13 6 0.011 ± 0.003 na7  
OCLA5 25 0.042 ± 0.014 na7  
C18:3 96 0.20 ± 0.02 18 0.17 ± 0.03 
C20:0 18 0.043 ± 0.009 12 0.068 ± 0.002* 
C20:5 31 0.032 ± 0.006 8 0.009 ± 0.001* 
C22:6 31 0.018 ± 0.005 na7  
Others 102 2.44 ± 0.34 18 2.00 ± 0.42 
Total CLA 64 0.27 ± 0.04 18 0.34 ± 0.04 
Total C18:1 trans1 76 1.26 ± 0.14 18 1.72 ± 0.09 * 
Total de novo2 102 7.62 ± 0.45 18 10.38 ± 1.52  
Total C163 102 9.99 ± 0.66 18 12.34 ± 1.64 
Total Preformed4 102 15.49 ± 0.49 18 16.46 ± 1.14 
Total Fatty acids 102 33.10 ± 1.20  18 39.18 ± 3.16  
Milk production 102 30.54 ± 1.34 18 29.31 ± 3.66 
1Total C18:1trans is the sum of C18:1t6-8, C18:1t9, C18:1t10, C18:1t11 and C18:1t12 isomers. 
2Total de novo is the sum of C4:0 – C15:0 fatty acids. 
3Total C16 is the sum of C16:0 and C16:1 
4Total Preformed is the sum of all milk fatty acids with more than 17 carbon atoms. 
5Other CLA 
6N is the total number of dietary treatments contributing to each mean 
7na. less than 5 data values available. 
* P <0.05,       ** P< 0.01 
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 In Table 5.3, the least-squares mean concentrations of cis-9, trans-11 C18:2 in the milk 
of TMR and pasture fed cows were not significantly different (P>0.05).  This may prima 
facie, appear surprising since previous research has shown that the concentration of cis-9, 
trans-11 C18:2 is generally higher in milk from pasture fed cows than in milk from TMR 
fed cows (Kelly et al., 1998).  There are two likely explanations for this anomaly. First, 
the concentration of cis-9, trans-11 C18:2 in milk, was reported for all 18 of the pasture 
based rations, whereas it was reported for only 58 of the 102 TMR based rations. We 
speculate that non-reporting (reporting bias) of the concentration of cis-9, trans-11 C18:2 
probably occurred if the concentration of cis-9, trans-11 C18:2 was very low or indeed if 
cis-9, trans-11 C18:2 was not detected. Second, fish oil, a supplement known to enhance 
cis-9, trans-11 C18:2 concentrations in milk (AbuGhazaleh et al., 2002), was not 
included in any of the 18 pasture based diets, but was included in 20 out of 58 of the 
TMR rations where the concentration of cis-9, trans-11 C18:2 was reported. Further, fish 
oil was not included in any of the 44 TMR diets where the concentration of cis-9, trans-
11 C18:2 was not reported. Thus, with respect to TMR diets, the mean concentrations of 
cis-9, trans-11 C18:2 shown in table 3 may well be an overestimate. We further speculate 
that a similar reporting bias may influence means for many of the fatty acids in Tables 
5.2 and 5.3, especially in cases where there is substantially less than the maximal number 
of observations contributing to a mean. 
 
Despite the limitations of the database and differences in concentrations of some minor 
isomers of fatty acids, the means shown in Table 5.2 are consistent with data presented in 
previous reviews where it has been shown that the concentrations of major individual 
fatty acids in ‘bulk’ milk fat from Australian cows, where grazing is the dominant dairy 
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 production system, are, generally similar to those in ‘bulk’ milk fat from US cows that 
are predominantly fed TMR rations (Jensen et al., 1991).  The dataset in this investigation 
included some studies in which extreme quantities of fat supplements and unusual types 
of fat supplements were fed. Thus, in Table 5.2, the minima and maxima for 
concentrations of individual fatty acids must be regarded as being outside of the limits for 
what could be considered ‘normal’ milk.  
 
We consider that the consistency of milk fat concentrations under different feeding 
conditions and the wide range of diets used in studies that form this database, strongly 
supports the validity of models potentially derived from this study. Further, the 
consistency of findings between grazing and TMR diets suggests that a single model may 
be able to describe milk-fat profiles for grazing cows and cows fed TMR diets. 
 
Concentrations of almost all of the de novo fatty acids (C4-C15) were strongly (P<0.05) 
positively correlated with each other, with the concentration of total de novo fatty acids 
and with total milk-fat concentration (Table 5.4). C16:0, which is generally the fatty acid 
present in milk at highest concentration, was also (P<0.05) positively correlated to all but 
one of the individual de novo fatty acids, to total de novo, to cis-9 C16:1, C17, and to 
total milk fat concentrations, but not correlated with the total concentration of pre-formed 
fatty acids.  The concentration of C18:0 was positively correlated (P<0.05) with C4:0, 
C6:0, C8:0, C15:0, C17:0, cis-9 C18:1, C20:0, Total de novo, Total preformed and total 
milk fat concentrations (Tables 5.4, 5.5 and 5.6). The positive correlation between the 
concentrations of C18:0 and cis-9 C18:1 probably reflects the fact that cis-9 C18:1 is 
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produced in the mammary gland by the action of the Δ-9 desaturase enzyme working on 
C18:0. 
 
5.4.2 Pairwise Correlations of Concentrations of Fatty Acids in Milk  
The scientific literature seems to contain only limited reports on the pairwise correlations 
of the major fatty acids in milk fat (Karijord et al., 1982; Soyeurt et al., 2006). Tables 5.4, 
5.5 and 5.6 present the pairwise correlations of the concentrations of 26 of the major 
individual fatty acids and groupings of fatty acids in milk. The major difference between 
our findings and those of the earlier researchers is that we report the correlation 
coefficients of many more fatty acids especially the various isomers of unsaturated C18 
fatty acids. The magnitude of the correlations shown in Tables 5.4, 5.5 and 5.6 may differ 
somewhat from those estimated by Karijord et al. (1982) and Soyeurt (2006), but our 
findings support the direction of individual associations reported by the earlier 
researchers. 
 
Another finding which supports the general conclusions made by Karijord et al. (1982), is 
that concentrations of individual unsaturated preformed fatty acids were generally 
positively correlated (P<0.05) with each other but negatively correlated (P<0.05) with the 
concentration of total de novo fatty acids (Table 5.5). 
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Table 5.4. Pairwise correlation coefficients between concentrations (g/kg of milk) of individual milk fatty acids or groupings of fatty acids. 
Fatty acid C4:0 C6:0 C8:0 C10:0 C12:0 C14:0 C14:1 C15:0 C16:0 C16:1 C17 
C4:0 1           
C6:0 0.80* 1          
C8:0 0.67* 0.95* 1         
C10:0 0.56* 0.87* 0.93* 1        
C12:0 0.49* 0.85* 0.91* 0.97* 1       
C14:0 0.56* 0.86* 0.89* 0.93* 0.95* 1      
C14:1 c9 0.28 0.55* 0.54* 0.63* 0.65* 0.68* 1     
C15:0 0.75* 0.71* 0.64* 0.68* 0.64* 0.70* 0.39 1    
C16:0 0.58* 0.74* 0.72* 0.70* 0.76* 0.85* 0.59* 0.58* 1   
C16:1 c9 -0.04 0.31 0.36 0.38* 0.45* 0.45* 0.63* 0.16 0.58* 1  
C17 0.60* 0.51* 0.50* 0.56* 0.46* 0.61* 0.26 0.71* 0.51* 0.13 1 
C18:0 0.56* 0.55* 0.46* 0.32 0.25 0.36 -0.05 0.58* 0.33 -0.29 0.51* 
C18:1 t6-8 -0.59 -0.59 -0.62 -0.65 -0.69* -0.59 -0.61 -0.88* -0.54* -0.59* -0.67* 
C18:1 t9 -0.30 -0.51 -0.68* -0.71* -0.75* -0.53 -0.29 -0.74* -0.27 -0.29 -0.47 
C18:1 t10 -0.43 -0.43 -0.37 -0.28 -0.24 -0.31 -0.13 -0.48 -0.35 0.00 -0.45 
C18:1 t11 -0.22 -0.30 -0.26 -0.22 -0.27 -0.17 -0.43 -0.01 -0.16 -0.13 0.71* 
C18:1 t12 -0.22 -0.39 -0.59 -0.63 -0.67 0.10 0.37 -0.41 0.48 0.10 -0.37 
C18:1 c9 0.31 0.30 0.26 0.07 0.06 0.11 0.04 -0.02 0.26 0.01 -0.03 
C18:2 c9, c12 -0.04 -0.22 -0.16 -0.13 -0.14 -0.24 -0.17 -0.46 -0.25 -0.24 -0.41 
C18:2 c9, t11 -0.24 -0.35 -0.36 -0.52* -0.54* -0.49* -0.32 -0.44 -0.44* -0.34 -0.32 
C18:2 t10, c12 -0.56 -0.69* -0.69* -0.68* -0.66* -0.58 -0.56 -0.48 -0.26 -0.46 -0.60 
OCLA5 -0.68 0.06 -0.02 -0.09 -0.18 -0.17 -0.29 -0.65 -0.46 -0.53 -0.44 
C18:3 0.25 0.25 0.24 0.18 0.12 0.11 -0.18 -0.06 0.06 -0.28 -0.04 
C20:0 0.57 0.49 0.45 0.45 0.45 0.55 0.12 0.49 0.50 -0.09 0.59 
C20:5 -0.48 -0.36 -0.41 -0.41 -0.40 -0.41 -0.03 -0.42 -0.41 -0.02 -0.44 
C22:6 -0.49 -0.37 -0.47 -0.53 -0.54 -0.50 -0.19 -0.60 -0.41 -0.16 -0.41 
Total C18:1trans1 -0.15 -0.14 -0.18 -0.15 -0.19 -0.06 -0.25 0.21 -0.16 -0.28 0.37 
Total de novo2 0.65* 0.89* 0.90* 0.95* 0.95* 0.97* 0.69* 0.75* 0.79* 0.33 0.66* 
Total C163 0.55* 0.74* 0.72* 0.71* 0.76* 0.85* 0.60* 0.57* 0.99* 0.62* 0.50* 
Total Preformed4 0.43* 0.29 0.26 0.09 0.01 0.10 -0.20 0.12 0.10 -0.35 0.19 
Total milkfat 0.72* 0.85* 0.83* 0.78* 0.77* 0.86* 0.51* 0.69* 0.85* 0.27 0.60* 
1Total C18:1trans is the sum of C18:1t6-8, C18:1t9, C18:1t10, C18:1t11 and C18:1t12 isomers. 
2Total de novo is the sum of C4:0 – C15:0 fatty acids. 3Total C16 is the sum of C16:0 and C16:1 
4Total Preformed is the sum of all fatty acids with more than 17 carbon atoms. 5Other CLA.                                                                                              
* P<0.05 Multiple correlations employing Bonferroni adjustment. 
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Table 5.5. Pairwise correlation coefficients between concentrations (g/kg of milk) of individual milk fatty acids or groupings of fatty acids. 
 
  C18 mono-unsaturated  C18 dienes 
Fatty acid C18:0 t68  t9  t10 t11 t12 c9   c9 c12 c9t11 t10c12 OCLA5 
C18:0 1            
C18:1 t6-8 0.12 1           
C18:1 t9 0.05 0.77* 1          
C18:1 t10 -0.35 0.48 0.31 1         
C18:1 t11 0.08 0.46 0.51 -0.04 1        
C18:1 t12 0.05 0.18 0.69 0.06 0.06 1       
C18:1 c9 0.53* 0.01 0.00 -0.35 -0.14 0.45 1      
C18:2 c9, c12 -0.17 -0.02 -0.15 0.02 -0.17 0.03 0.16  1    
C18:2 c9, t11 0.05 0.47 0.51 0.29 0.41 0.33 0.24  0.03 1   
C18:2 t10, c12 0.12 0.77* 0.70* 0.48 0.62* 0.55 0.12  0.23 0.42 1  
OCLA5 0.09 0.64 0.45 0.48 0.15 0.97* -0.23  -0.46 0.63 0.04 1 
C18:3 0.30 0.12 -0.11 -0.02 -0.13 0.16 0.25  0.20 0.42 -0.17 0.51 
C20:0 0.52 0.08 0.44 -0.16 0.39 0.00 -0.19  -0.46 -0.49 0.23 -0.14 
C20:5 -0.71* 0.02 0.35 0.49 -0.03 0.09 -0.71*  -0.17 0.47 -0.19 0.37 
C22:6 -0.38 0.38 0.63* 0.12 0.07 0.31 -0.43  -0.35 0.36 0.16 0.38 
Total C18:1trans1 0.20 0.68* 0.51* 0.67* 0.75* 0.35 -0.22  -0.38* 0.56* 0.65* 0.59 
Total de novo2 0.41* -0.73* -0.63* -0.39 -0.20 -0.22 0.16  -0.19 -0.44* -0.65* -0.22 
Total C163 0.31 -0.55* -0.25 -0.34 -0.14 0.48 0.26  -0.26 -0.43 -0.65* -0.46 
Total Preformed4 0.69* 0.26 0.11 -0.31 0.07 0.35 0.76*  0.15 0.36 0.20 0.25 
Total milk fat 0.61* -0.42* -0.28 -0.43* -0.14 0.29 0.52*  -0.14 -0.24 -0.37* -0.31 
1Total C18:1trans is the sum of C18:1t6-8, C18:1t9, C18:1t10, C18:1t11 and C18:1t12 isomers. 
2Total de novo is the sum of C4:0 – C15:0 fatty acids. 
3Total C16 is the sum of C16:0 and C16:1 
4Total Preformed is the sum of all milk fatty acids with more than 17 carbon atoms. 
5Other CLA. 
P<0.05 Multiple correlations employing Bonferroni adjustment. 
  
  Table 5.6. Pairwise correlation coefficients between concentrations (g/kg of milk)  
of individual milk fatty acids or groupings of fatty acids. 
 
Fatty acid C18:3 C20:0 C20:5 C22:6 
C18:3 1    
C20:0 0.11 1   
C20:5 -0.29 0.09 1  
C22:6 0.00 0.71* 0.63 1 
Total CLA 0.17 -0.09 0.46 0.40 
Total C18:1trans1 0.00 0.32 0.21 0.31 
Total de novo2 0.16 0.56* -0.33 -0.26 
Total C163 0.05 0.49* -0.39 -0.39 
Total Preformed4 0.44* 0.21 -0.47* -0.12 
Total milk fat 0.31 0.55* -0.46* -0.35 
1Total C18:1trans is the sum of C18:1t6-8, C18:1t9, C18:1t10, C18:1t11 and C18:1t12 
isomers. 
2Total de novo is the sum of C4:0 – C15:0 fatty acids. 
3Total C16 is the sum of C16:0 and C16:1 
4Total Preformed is the sum of all milk fatty acids with more than 17 carbon atoms. 
* P<0.05 Multiple correlations employing Bonferroni adjustment. 
 
 
We note that the concentration of cis-9 C18:1 was negatively correlated (P<0.05) with 
the concentrations of C20:5 which suggests to us that C20:5 might in some way, inhibit 
the Δ-9 desaturation reaction (Table 5.5). Alternatively, low concentrations of cis-9 
C18:1 in milk of cows fed fish meal or fish oil may result because the fish oil inhibits 
ruminal BH, thus reducing the production of C18:0, the substrate used by the Δ-9 
desaturase enzyme in the mammary gland. There are a number of positive and negative 
(P<0.05) correlations in Tables 5.4, 5.5 and 5.6, between the various individual fatty 
acids. These correlations no doubt reflect many biological and chemical processes which 
include absorption of fatty acids from the small intestine and transformation reactions 
within the mammary gland (e.g. isomerization). The negative correlations of trans-10 
C18:1 with total milk fat concentration and of trans-10, cis-12 C18:2 with total milk fat 
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concentration are not surprising since these negative associations have been well 
documented previously (Bauman and Griinari, 2003). 
 
Fish oil feed supplements are well known for a propensity to induce milk-fat depression 
(Bauman and Griinari, 2003). In Table 5.6, the only major fish oil fatty acids to be 
negatively correlated (P<0.05) with total milk fat concentration was C20:5. Further, there 
were no significant positive correlations between C20:0, C20:5 and C20:6 and either 
trans-10 C18:1 or trans-10, cis-12 C18:2, two fatty acids which have been associated 
with low milk fat concentration. This observation suggests that C20:5 per se may be the 
principal fish oil fatty acid associated with low milk fat concentration. The multiple 
significant correlations shown in Tables 5.4, 5.5 and 5.6 provide much information that 
could allow speculation, but causal relationships between individual milk fatty acid 
isomers and milk fat concentration will only be established with subsequent 
experimentation. Nevertheless, Tables 5.4, 5.5 and 5.6 show that some milk fatty acids 
are positively correlated both with others and with concentrations of total milk fat while 
other fatty acids are negatively correlated with each other and with the concentration of 
total milk fat.  
 
5.5 Conclusions 
This analysis documents for the first time, mean concentrations and the variability of the 
26 major fatty acids in bovine milk fat.  Overall, the data presented in Tables 5.2, and 5.3 
show that the concentrations of individual fatty acids in milk can vary substantially. 
Critical examination of the data indicates that there are a number of aspects that impact 
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on the usefulness of this data for model building purposes. The primary limitation is that 
in many publications, the description of some fatty acids is poor and acronyms are used 
for groupings of fatty acids instead of specific fatty acids. Another limitation is in 
reporting of some minor fatty acids, especially various isomers of octadecanoic and 
octadecadienoic acid. We consider that average ‘literature’ concentrations of many minor 
fatty acids may be overestimates due to selective or biased reporting.  Despite these 
limitations, the extensive data tabulated and wide range of basal and experimental diets 
used in the studies, suggest that there are sufficient data available to enable the 
development of empirical equations to predict concentrations and daily production of 
major individual fatty acids in milk fat. The positive and negative correlations (P<0.05)  
found between many individual fatty acids and groupings of fatty acids, suggest that the 
concentrations of individual milk fatty acids are not similarly influenced by various 
dietary or animal factors. The fact that concentrations of all the individual de novo fatty 
acids are correlated with each other and with the concentration of total de novo fatty 
acids suggest that a common predictive equation may be able to explain much of the 
variation in the production of these fatty acids. The complex matrix of positive and 
negative correlations between the individual preformed fatty acids suggests that 
individual equations may be needed to predict how diet and animal factors influence 
production of these.  
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Chapter 6.  
Milk Fatty Acids II: Prediction of the Production 
of Individual Fatty Acids in Bovine Milk.  
 
The work described herein has been accepted for publication in the Journal of Dairy 
Science as: 
Moate, P. J., W. Chalupa, R. C. Boston and I. J. Lean. Milk fatty acids II: Prediction of 
the production of individual fatty acids in bovine milk.  
 
6.1 Abstract 
Previously observed relationships between diet composition and production of a small 
number of individual milk fatty acids were the motivation to examine whether equations 
could be developed to predict production of all the major individual milk fatty acids. 
These equations should be useful for examining new hypotheses in regard to factors 
influencing milk fat composition and for incorporation into ration formulation programs. 
Data from 29 published experiments on Holstein cows that provided 120 dietary 
treatments were entered into CPM-Dairy to obtain predictions of amounts of individual 
long chain fatty acids (LCFA) absorbed from the intestine. These derived data and other 
dietary and animal data including the reported fatty acid composition of milk fat, were 
entered into a spreadsheet. Descriptors of diet included daily intake of dry matter (DMI), 
total fermentable carbohydrate, total fatty acids and profile of dietary fatty acids, intake 
of NDF, supplemental fish-oil, buffer and magnesium oxide. Cow level factors included 
body weight (BWT) and days in milk (DIM). Multiple linear regression was used to 
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develop equations to predict the production (g/day) of each of 26 major LCFA. The 
regressions were clustered on experiment and each datum weighted according to the 
number of cows in each treatment. The equations developed generally had R2 values in 
excess of 0.5. In some instances, particular dietary factors were found to have positive 
influences on production of one fatty acid and negative influences on another. Production 
of individual de novo fatty acids was described by fixed proportions of the daily 
production of total de novo fatty acids. This analysis quantified effects of major dietary 
components and cow level factors on production of individual fatty acids in milk.  
 
Key Words: milk, fatty acid, model, prediction  
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6.2 Introduction 
A growing awareness of the health and metabolic properties of individual milk fatty acids 
(Parodi, 2002; McGuire and Bauman, 2002; Bauman and Grinarri, 2003) is part of the 
motivation behind this attempt to model the production of individual milk fatty acids. In 
1995, the first systematic attempt was made to produce a static model of changes in milk 
fatty acid profile in response to dietary fat supplements (Hermansen, 1995). A 
generalized linear model was used to relate proportions of individual fatty acids in milk 
fat to their concentrations in diet.  Dietary treatments that involved fish meal or fish oil, 
calcium salts of fatty acids and fat supplements chemically protected against ruminal 
influence were excluded from the analysis. Hermansen (1995) also excluded diets where 
dietary C18:2 and C18:3 given as free oil exceeded 2.5% of total DMI and did not 
attempt to predict individual proportions of fatty acids with chain length less than 12 
carbon atoms, nor differentiate between different isomers of C18:1 or C18:2. However, 
he did show that for fatty acids with more than 12 carbon atoms, there were generally 
statistically significant (P<0.05) associations between intake of specific fatty acids and 
the proportion of the corresponding fatty acid in milk fat. Difficulties in predicting the 
proportions of C18:0 and C18:1 were hypothesized to be due to differing extents of 
ruminal biohydrogenation (BH) of unsaturated fatty acids, and to different abilities of 
cows to desaturate C18:0 to C18:1 (Hermansen, 1995). 
  
A dynamic model of milk fat synthesis was developed by Hanigan and Baldwin (1994), 
in which milk fatty acids were described by three separate pools: short chain fatty acids 
ranging in chain length from 4 to 8 carbons, medium chain length fatty acids with 
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between 10 to 16 carbons, and fatty acids with more than 16 carbons. The model did not 
distinguish between saturated and unsaturated fatty acids (Hanigan and Baldwin, 1994). 
Recently, Shorten, et al.(2004) developed a second dynamic model of LCFA in milk fat 
that like the earlier model of  Hanigan and Baldwin(1994), did not examine all major 
individual fatty acids. Instead, the milk fat composition was modeled in terms of short 
chain fatty acids (C4:0-C14:0), and four individual fatty acids: C16:0, C16:1, C18:0 and 
C18:1. 
 
Shorten, et al., (2004) used non-linear differential equations to provide a dynamic 
prediction of how concentrations of milk fatty acids change over time with respect to 
changes in dietary inputs of fatty acids. This elegant model used more than 27 
parameters, the values of each being defined by reference to between one to three 
published experiments. The model was evaluated by comparing model predictions of 
proportions of individual milk fatty acids with data from four different milks obtained 
from one experiment. The limited data from which the model was derived suggest that 
further refinement of this model will be likely. 
 
Recently, there has been further development and widespread use of CPM-Dairy, a dairy 
ration formulation program (Boston, et al., 2002). CPM-Dairy is a static model that 
predicts the ‘steady-state’ response to a particular dietary treatment.  It includes a fat sub-
model and an extensive feed dictionary describing the fatty acid profile and total fatty 
acid composition of over 300 feeds (Moate, et al., 2006; Moate, et al., 2004). The fat sub-
model in the CPM-Dairy program estimates the extent of ruminal lipolysis and BH of 
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dietary long chain fatty acids (LCFA) as well as amounts of ten individual LCFA 
absorbed in the intestine. The capabilities of CPM-Dairy, overcome the problems of 
variable lipolysis and BH which confounded predictions made by (Hermansen, 1995). 
These, recent developments facilitate the potential for development of a quantitative 
model to predict the influence of dietary and cow level factors on production of major 
individual LCFA in milk and of total milk fatty acids.  Furthermore, if milk volume is 
known or can be accurately predicted, the concentrations of individual milk fatty acids 
and of total milk fatty acids may also be predicted. 
 
In Chapter 5, it is shown that the concentrations of individual fatty acids in milk vary 
substantially and that they do not all vary in concert.  Concentrations of almost all of the 
individual de novo fatty acids are positively correlated (P<0.05) with each other and with 
the total concentration of de novo fatty acids, but the total concentration of de novo fatty 
acids is generally negatively correlated (P<0.05)  with each of the individual unsaturated 
preformed fatty acids. Furthermore, within the preformed group of fatty acids, the 
concentrations of some individual fatty acids are positively correlated with some fatty 
acids and negatively with others. These findings suggest the necessity of separate 
equations to predict the production of individual fatty acids. 
 
The objectives of this work were to develop equations to predict the influence that cow 
level and dietary factors have on the daily production of major individual LCFA from C4 
– C22:6. To achieve these objectives, data from 29 experiments from 28 papers which 
examined the influence of cow factors and dietary composition on milk fat yield and on 
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the profile of different LCFA in milk fat were collated and analysed. This chapter 
presents findings related to the prediction of the daily production of 26 individual major 
milk fatty acids. 
 
6.3 Materials and Methods 
6.3.1 Data Collection 
The 28 papers which were the source of data for this analysis have been listed in Table 
5.1. Details about these papers, especially the criteria for their inclusion in this analysis, 
and the methods and assumptions involved regarding the production data concerning 
milk fatty acids, have been described in Chapter 5. 
  
Production data, as well as dietary and cow data, from each publication and relevant 
CPM-Dairy predictions for each diet were entered into an Excel 2003 (Microsoft 
Corporation) spreadsheet. The dietary data obtained directly from each publication 
included: DMI, total diet NDF%, total diet CP%, total diet FA%, and the fish-oil fatty 
acids in the total diet (FOFA, % DM). Further, following univariate examination of the 
data, three categorical variables were generated to describe attributes of the diet. A 
dichotomous variable ‘Diet’ was generated with a value ‘0’ to designate a pasture based 
diet and ‘1’ to designate a TMR based diet. A categorical variable designated ‘Buffer’ 
was used to describe diets containing supplemental buffers, specifically calcium 
bicarbonate, sodium bicarbonate or potassium bicarbonate. The Buffer variable was 
assigned a value of ‘0’ to represent diets with no added buffers, ‘1’ to represent diets with 
supplemental buffer greater than 0 but less than 0.2% of total DMI and ‘2’ for diets 
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containing 0.2% or more of the total DMI as buffer. Another categorical variable ‘MgO’, 
with category values similar to those of ‘Buffer’, was used to describe supplemental 
magnesium oxide. The cow data included: BWT and DIM. 
 
Nutrient data calculated using CPM-Dairy included: predicted intake of fermentable 
carbohydrate (IFCHO, kg/d) in the diet and predicted amounts (g/d) of individual LCFA 
absorbed from the small intestine (AC12:0, AC14:0, AC16:0, AC16:1, AC18:0, AC18:1t, 
AC18:1c, AC18:2, AC18:3 and ACother). In order to obtain these outputs, primary data 
on the cows and diet were obtained from each publication and entered into the CPM-
Dairy ration program. For each diet, the data entered into CPM-Dairy included the 
amount (kg DM) of each major feed, DIM and the bodyweight of the cows in each 
experiment. Bodyweight was not reported in 9 experiments and for 38 diets an assumed 
bodyweight of 600 kg was entered into CPM-Dairy. When a particular publication listed 
a chemical description of individual major feeds in the diet (e.g. CP, NFD, total fatty 
acids and fatty acid profiles for forages, grains or fat supplements) these were entered 
into CPM-dairy. When chemical descriptions of individual feeds were not given, and this 
was the majority of cases, then feeds were selected from the CPM-Dairy feed dictionary 
that were most representative of that type of feed.  In all CPM sessions, the total dietary 
concentrations of fatty acids, NDF and CP were made to match those reported for that 
overall diet. This was achieved by adjusting the concentrations of these constituents in 
the forage component of the diet since it is generally the forage component that is most 
variable with respect to these constituents. The profile of LCFA in the CPM-Dairy 
session was made to match the profile of LCFA for the total diet. This was also achieved 
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by adjusting the profile of fatty acids in the forage component of the diet. All estimations 
using CPM-Dairy were concluded before data analysis commenced.  
  
Production of individual fatty acids (PFAi, g/d) was calculated as: 
 
PFAi = PTotalFA * FAi/100 
 
Where P TotalFA (g/d) is the total production of milk fatty acids, FAi is the % of each of 
the following individual milk fatty acids or groupings of fatty acids in the total milk fatty 
acids: C4:0, C6:0, C8:0, C10:0, C12:0, C14:0, cis-9 C14:1, C15:0, C16:0, cis-9 C16:1, 
C17; C18:0, trans-6-8 C18:1, trans-9 C18:1, trans-10 C18:1, trans-11 C18:1, trans-12 
C18:1, cis-9 C18:1, cis-9, cis-12 C18:2, cis-9, trans-11 C18:2, trans-10, cis-12 C18:2, 
CLAother, C18:3, C20:0, C20:5, C22:6, and Others. The concentration (g/L) of 
individual fatty acids in milk was defined as: 
 
[Fai] = PFai/MV 
 
Fatty acids in bovine milk are considered to be either produced de novo in the mammary 
gland or to be derived from plasma lipids (Taylor and MacGibbon, 2002a). Generally 
C4:0 to C14:0 and some C16:0 is thought to be produced in the mammary gland de novo 
(Grummer, 1991). In this investigation, the production (g/d) of Total de novo fatty acids 
(PTdenovo) is defined as the sum of PC4:0 to PC15:0, 
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i=15
i
i=4
PTdenovo = PFa∑  
 
Milk fatty acids that are not produced de novo in the mammary gland, are often termed 
‘preformed’ fatty acids (McGuire and Bauman, 2002). Preformed fatty acids are 
generally considered as containing some C16 milk fatty acid and milk fatty acids with 
more than 16 carbon atoms. In this analysis, the term ‘preformed fatty acids’ will be used 
to signify only fatty acids with more than 16 carbon atoms. The total production (g/d) of 
preformed fatty acids (PTpreform) is defined as:  
i=22
i
i=17
PTpreform = Fa∑  
 
6.3.2 Statistical Analysis  
Data were initially explored using univariate descriptive analysis and graphing of 
variables. Data were examined for outliers and non-linearity of response. This resulted in 
several categorical variables being generated. Multiple linear regression was used to 
examine major dietary and animal level factors that influence the yield of total and 
individual milk fatty acids. Data were weighted by the number of cows in each treatment. 
Regressions were clustered on experiment to take into account the possibility that 
treatments within experiments may not be independent with respect to measurement and 
analytical errors. 
 
The choice of variables for each regression was influenced by a number of factors. In all 
cases, the independent variables employed in each regression were chosen on the basis of 
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relevance to the particular regression, in that these had either been previously reported to 
influence that particular dependent variable or to at least have an influence on milk fat%. 
An important consideration was that the authors intend to incorporate these equations into 
the CPM-Dairy fat–sub-model in order to provide a tool to predict milk fatty acid 
composition. Therefore, only parameters that can currently be extracted from CPM-
Dairy, or easily incorporated into CPM-Dairy, were included in regression equations. The 
independent variables employed in these analyses included: BWT (kg), DIM, DMI 
(kg/d), Diet, MgO, Buffer, IFCHO (kg/d), intake (g/d) of total fatty acids (ITotalFA), 
intake (g/d) of unsaturated fatty acids (IunsatFA), intake (kg/d) of neutral detergent fiber 
(INDF), intake (g/d) of fish fatty acids (IfishFA), and amounts (g/d) of specific fatty acids 
estimated by the CPM-Dairy fat sub-model, to be absorbed from the small intestine: 
AC16:0, AC16:1c9, AC18:0, AC18:1t, AC18:1c, AC18:2, AC18:3 and Aother. In all 
final equations, we included the lowest number of significant (P<0.05) variables that 
could account for the variation in the observed data.  For each final regression, residuals 
were plotted against regression predictions to confirm that residuals were normally 
distributed. All statistical analyses were performed with STATA software (Stata, 2006).  
 
6.4 Results and Discussion 
There were quite a large number of trials that contributed to the data used in this analysis. 
While the studies used were recent, there was an unfortunate lack of dietary information 
in some. Consequently, dietary data were estimated for some studies using nutrient 
information contained in CPM dairy. These estimates will have lowered the strength of 
association of estimates made by regression. Further, some papers did not provide 
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sufficient detail on fatty acid composition to meet the detail required in this study and this 
necessitated a number of assumptions as described in Chapter 5. These assumptions may 
result in some slight over estimation of the contribution of some of the C18:1, C18:2 and 
C18:3 fatty acid isomers. Despite these limitations in data quality, the study provides 
considerable insight to relationships between the physiological state of cows and diets fed 
with milk fatty acid production. The dataset used was based on a large number and broad 
range of diets, including total mixed rations, pasture-based diets and many with 
supplemental fat sources. These factors suggest that the findings are likely to be relevant 
to many feeding and management circumstances. 
 
6.4.1 Production of De Novo Fatty Acids 
Regression Equation 1, which is shown in Table 6.1, predicts the PTdenovo in milk. The 
regression had an R2 of 0.76 and a RMSE of 37.4 g/d. Equation 1 included a constant and 
five explanatory variables: IFCHO, ATunsat, ATunsat squared, Ifishfa, DIM and Diet. 
The positive influence of IFCHO is to be expected since milk de novo fatty acids are 
synthesized chiefly by chain elongation using acetate which is the main product of rumen 
fermentation (Grummer, 1991). Further, ß-OH-butyrate, which is produced in the rumen 
epithelium from absorbed butyrate, provides about half of the first four carbons (primer) 
of de novo synthesized fatty acids (Bauman and Griinari, 2003). The negative curvilinear 
effect of unsaturated fatty acids on de novo fatty acids found in this analysis supports the 
findings of Banks, et al. (1983) and quantifies this effect. The negative influence of 
feeding fish oil on the production of de novo fatty acids has been shown previously 
(Loor, et al., 2005a). The slight negative effect of TMR diets compared to pasture based 
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diets on the total production of de novo fatty acids may reflect a dilution effect because 
TMR fed cows usually produce a higher milk volume than do cows fed a pasture based 
diet. 
Table 6.1. Prediction of the production (g/d) of Total de novo fatty acids (C4:0 – C15:0) 
and of individual de novo fatty acids. 
 
Equation 
No. 
Dependent 
variable 
Regression 
variable(s)1 
Coefficient ±  SE t N (n)2 F 
1 PTdenovo Intercept 190.2 ± 40.9 4.65 120 (29) 77.7 
  IFCHO 24.8 ± 4.42 5.62  R2=0.76 
  ATunsatFA -1.01 ± 0.163 -6.20   
  ATunsatFA2 0.0018 ± 0.0004 5.11   
  IfishFA -0.249 ± 0.029 -8.57   
  Diet -21.2 ± 10.7 -1.98   
  DIM  -6.46 ± 2.20 -2.94   
2 PC4:0 PTdenovo 0.122 ± 0.006 19.1 95 (23) 364 
3 PC6:0 PTdenovo 0.082 ± 0.0039 21.3 111 (27) 455 
4 PC8:0 PTdenovo 0.0516 ± 0.0025 20.5 111 (27) 420 
5 PC10:0 PTdenovo 0.111 ± 0.003 42.4 111 (27) 1794 
6 PC12:0 PTdenovo 0.134 ± 0.0037 35.7 111 (27) 1278 
7 PC14:0 PTdenovo 0.441 ± 0.007 65.3 111 (27) 4265 
8 PC14:1 c9 PTdenovo 0.046 ± 0.0024 18.9 101 (24) 358 
9 PC15:0 PTdenovo 0.0432 ± 0.0017 25.2 88 (21) 650 
 
1  ATunsatFA = Total amount of unsaturated fatty acids absorbed from the intestine (g/d); 
Diet = a categorical variable, 0 = Pasture, 1 = TMR; DIM = Days in milk; IFCHO = 
Intake of fermentable carbohydrate (kg/d); IfishFA = Intake of fish-oil fatty acids (g/d); 
PTdenovo = Total production of de novo fatty acids (g/d) 
2 N = number of diets, n = number of experiments 
 
The association (P <0.05) between the square-root of DIM and de novo milk fat 
production is expected since stage of lactation has been well documented as influencing 
milk fat concentration (Palmquist, et al., 1993). In this analysis, although we examined a  
variety of stage of lactation effects including a linear effect, a quadratic effect and a 
square-root effect, the square-root of DIM was the most significant. 
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The association (P <0.05) between the square-root of DIM and de novo milk fat 
production is expected since stage of lactation has been well documented as influencing 
milk fat concentration (Palmquist, et al., 1993). In this analysis, although we examined a 
variety of stage of lactation effects including a linear effect, a quadratic effect and a 
square-root effect, the square-root of DIM was the most significant. Figure 6.1, shows the 
relationships between the predicted total production of de novo fatty acids and the 
measured production of total de novo fatty acids. 
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Figure 6.1. Prediction of the production (g/d) of total de novo fatty acids (C4:0 – C15:0). 
The circles are predicted values and the solid line is the line of identity. 
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Figure 6.2. Prediction of production (g/d) of individual de novo fatty acids based on 
production of total de novo fatty acids (C17:0 -> C22:6). The solid line is the line of 
identity. 
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Equations 2-9 are the result of univariate regressions forced through the origin. These 
equations relate the production of individual de novo fatty acids to the total production of 
de novo fatty acids, and Figure 6.2, depicts these relationships.  In all cases there were 
strongly positive linear relationships and the coefficients of equations 2-9 sum to unity. In 
the graphs for C8:0, C10:0 and C12:0, there is some indication that a linear equation 
forced through the origin may introduce some slight bias. However, recognizing the 
limitations of this dataset, we have, until more reliable data become available, elected to 
utilize the simple “univariate- forced through the origin” regressions as a convenient way 
of modeling this data. Equations 2-9 indicate that factors that influence total production 
of de novo fatty acids also influence in a similar manner, production of individual de 
novo fatty acids. These closely interconnected relationships between the individual de 
novo fatty acids, do not appear to have been previously highlighted in this way.  When 
individual short chain fatty acids are expressed as grams of FA per kilogram of milk 
rather than as proportions of total milk fat, then variation is much diminished (Syrstad, et 
al., 1982).  Chilliard, et al. (2003), when reviewing physiological and nutritional factors 
affecting the fatty acid composition of goat milk, reported that milk fatty acids appeared 
to belong to three groups: the C4-C8 group, the C10-C16 group, and the C18 group. 
Chilliard, et al. (2003) reported that the C4-C8 group was not highly correlated to the 
other two groups and that the C10-C16 group was negatively correlated to the C18 fatty 
acid group. The graphs in Figure 6.2 provide strong evidence that, in dairy cows, the 
production of FA from C4 to C15 are strongly inter-related. 
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6.4.2 Production of Palmitic and Palmitoleic Fatty Acids 
In Table 6.2, Equations 10 and 11 predict the production (g/d) of Palmitic (C16:0) and 
Palmitoleic (cis-9 C16:1) acids respectively. The C16:0 in milk fat is believed to partly 
originate from C16:0 absorbed from the diet and also to be synthesized de novo in the 
mammary gland from acetate (Palmquist, et al., 1967; Taylor and MacGibbon, 2002). 
Hermansen, (1995), analysed data pooled from 30 different experiments using regression 
methods and showed that the C16:0 content of milk fat was positively related (P<0.001) 
to the C16:0 proportion of dietary fatty acids and negatively related (P<0.001) to the total 
fatty acid concentration in the diet. 
Table 6.2. Prediction of production (g/d) of C16:0, C16:1, Total preformed fatty acids 
and C17 fatty acids.  
 
Equation 
No. 
Dependent 
variable 
Regression 
variable(s)1 
Coefficient ± SE t N (n)2 R2 
10 PC16:0 Intercept 226.7 ± 64.5 3.51 120 (29) 0.72 
  IFCHO 23.1 ± 5.74 4.03   
  A16:0 0.401 ± 0.080 5.00   
  ATunsatFA -1.59 ± 0.29 -5.48   
  ATunsatFA2 0.0027 ± 0.00066 4.12   
  IfishFA -0.331 ± 0.026 -12.5   
  DIM  -4.59 ± 2.19 -2.10   
11 PC16:1 c9 Intercept 9.75 ± 4.67 2.09 109 (27) 0.63 
  IFCHO 1.49 ± 0.54 2.79   
  A16:0 0.024 ± 0.0060 4.07   
  ATunsatFA -0.067 ± 0.016 4.95   
  ATunsatFA2 0.0001 ± 0.00004 2.84   
  DIM  -0.524 ± 0.190 2.76   
  Diet 2.38 ± 1.17  2.09   
 
1    A16:0 = Amount of C16:0 absorbed from the intestine (g/d); ATunsatFA = Total 
amount of unsaturated fatty acids absorbed from the intestine (g/d); Diet = a categorical 
variable, 0 = Pasture, 1 = TMR; DIM = Days in milk; IFCHO = Intake of fermentable 
carbohydrate (kg/d); IfishFA = Intake of fish-oil fatty acids(g/d  
2 N = total number of diets, n= total number of experiments  
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Equation 10 extends the findings of Hermansen (1995) by showing, as one might expect, 
that the actual yield of C16:0 in milk, is positively linearly related (P<0.001) to the 
amount of C16:0 absorbed from the intestine. The regression coefficient (± SE) 
associated with C16:0 was 0.401 ± 0.080, which suggests that for every gram of C16:0 
absorbed, 0.401 grams was transferred to milk. This interpretation must be moderated by 
the observation that the regression equation also indicated that the production of C16:0 
was negatively and quadratically (P<0.001) associated with the amount of unsaturated 
fatty acids absorbed in the intestine. Thus, transfer of absorbed dietary fatty acids to milk 
can be considered to be a competitive process.  Equation 10 also indicates that the 
production of C16:0 is strongly positively related (P<0.001) to IFCHO. This supports the 
hypothesis that a substantial amount of C16:0 is produced in the cow’s udder de novo 
from the products of rumen fermentation (Taylor and MacGibbon, 2002). 
 
It has long been known that intake of fish oil fatty acids can cause milk fat depression 
(Storry, et al., 1974) and recently, fish oil has been shown to reduce the production of 
C16:0 (Lacasse, et al., 2002; Loor, et al., 2005a). Equation 10 supports these findings and 
provides a quantification of this effect. We speculate that the negative relationship 
between DIM  and production of C16:0 may be associated with many correlated 
changes that occur as lactation advances. These factors could include apoptosis of 
mammary cells, reduction in either feed intake, mobilization of body fat, or in rumen 
volume that may all occur with advancing pregnancy. 
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The difference between cis-9 C16:1 and C16:0 is a single double bond at the 9th carbon 
atom from the methyl carbon at the end of this molecule. The cis-9 C16:1 is believed to 
be produced in the udder by the desaturation of C16:0 (Bickerstaffe and Annison, 1970; 
Enoch, et al., 1976). It is, therefore, not surprising that many of the factors that influence 
production of C16:0 also have corresponding effects on the production of cis-9 C16:1. 
For example, IFCHO (P<0.01) and the amount of C16:0 absorbed from the intestine were 
positively related (P<0.001) to production of cis-9 C16:1 (see Equation 11). 
 
No significant relationship was found between the amount of C16:1 absorbed from the 
intestine and production of cis-9 C16:1 in milk. We suggest that the generally minor 
amount (1 - 5 g/d) of C16:1 absorbed from the intestine, is insignificant with respect to 
the large quantities (usually > 70 g/d) of C16:0 absorbed from typical diets for cows 
(Moate, et al., 2004).  As with the production of C16:0, production of cis-9 C16:1 was 
negatively related (P<0.01) to the amount of unsaturated fatty acids absorbed in the 
intestine and negatively related (P<0.01) to DIM . 
 
‘Diet’, the categorical variable in Equation 11, indicates that approximately 2.4 g/d more 
of cis-9 C16:1 is produced on TMR based diets compared to pasture based diets. Because 
pasture and TMR fed cows have similar concentrations of cis-9 C16:1 in their milk 
(Table 5.3), a possible factor influencing this may be the typically higher milk production 
in cows fed a TMR diet.  
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6.4.3 Production of Total Preformed Fatty Acids 
Equation 12 in Table 6.3 predicts production of Total preformed fatty acids. 
Approximately 75% of the variation in total production of preformed fatty acids could be 
explained with a regression equation containing six variables DMI, DIM, AbTotprefFA, 
BWT, IFishFA, and MgO (Equation 12).  
Table 6.3. Prediction of production (g/d) of Total preformed fatty acids and C17 fatty 
acids.  
 
Equation 
No. 
Dependent 
variable 
Regression 
variable(s)1 
Coefficient ± SE t N (n)2 R2 
12 PTpreform Intercept -289.9 ± 103.0 -2.8 120 (29) 0.75 
  AbTotprefFA 0.27 ± 0.026 10.1    
  DMI 9.43 ± 2.28 4.14   
  DIM -0.63 ± 0.15 -4.05   
  BWT 0.72 ± 0.18 3.89   
  IFishFA -0.156 ± 0.036 -4.4   
  MgO1 0.1 ± 24.9 0.0   
  MgO2 -61.2 ± 22.9 -2.68   
13a PC17 Intercept 17.37 ± 0.95 18.31 78 (19) 0.89 
  ATunsatFA -0.00217 ± 0.0011 2.02   
  DIM  -0.58 ± 0.072 8.09   
  MgO1 3.47 ± 0.89 3.90   
  MgO2 2.47 ± 0.64 3.85   
  Diet -7.52 ± 0.92  8.14   
13b PC17 Intercept  2.84 ± 2.65 1.07 78 (19) 0.05 
  PTpreform 0.011 ± 0.006 1.90   
13c PC17 Intercept -0.76 ± 2.34  -0.32 78 (19) 0.37 
  PTotdenovo 0.033 ± 0.013  2.50   
1    AbTotprefFA  = amount of total preformed fatty acids absorbed from the intestine 
(g/d); ATunsatFA = Total amount of unsaturated fatty acids absorbed from the intestine 
(g/d); BWT = Bodyweight (kg); Diet = a categorical variable, 0 = Pasture, 1 = TMR; 
DIM = Days in milk; DMI = Dry matter intake (kg/d);  IFishFA = Intake of fish-oil fatty 
acids(g/d); MgO = a categorical variable, 0 = no magnesium supplement, 1 = magnesium 
supplement up to 0.2% of diet DMI, 2 = magnesium supplement greater than 0.2% of 
DMI; PTotdenovo = total production of de novo fatty acids (g/d);  PTpreform = total 
production of preformed fatty acids (g/d)  
2 N = total number of diets, n= total number of experiments 
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Previous reviews identified the potential impact, if not the magnitude, of many of these 
factors on production of preformed fatty acids (Jensen, et al., 1991; Palmquist, et al., 
1993). It is, therefore, not surprising that a strong positive relationship was found 
between the amount of preformed fatty acids absorbed and the amount of preformed fatty 
acids produced in milk. 
 
Palmquist, et al. (1993), found a quadratic relationship between intake of total C18 fatty 
acids (IC18) and production of total C18 fatty acids in milk fat, but explained just 18% of 
the variation. The other five variables in Equation 12 explain a substantial amount of the 
variation in production of total preformed fatty acids. The negative impact of the intake 
of fish oil fatty acids on milk fat production has been known for many years (Storry, et 
al., 1974). The influence of DIM or stage of lactation on production of milk fatty acids 
has also been discussed by several reviewers (Chilliard, et al., 2003; Grummer, 1991; 
Palmquist, et al., 1993). Mobilization of adipose reserves depends on energy balance and 
body condition of cows (Chilliard, et al., 2003; Grummer, 1991; Palmquist, et al. 1993). 
Therefore, we speculate that the simple negative linear effect of DIM, found in this 
analysis, may not necessarily reflect the true nature of this important effect, and further 
research under controlled conditions may be necessary to adequately account for the true 
nature of this effect. The inclusion of BWT in Equation 12 is consistent with the 
hypothesis that part of the production of preformed fatty acids arises from the 
mobilization of adipose reserves (Chilliard, et al. 2003; Palmquist, et al. 1993). 
Unfortunately, because rate of change in bodyweight or of condition score was not 
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reported in the majority of the studies in this investigation, these variables could not be 
included in the regression equations. 
 
The effect of dietary intake of buffers and of MgO on production of total milk fat and on 
production of individual fatty acids has not been a subject examined in recent reviews. 
Recent research (Kalscheur, et al. 1997; Khorasani and Kennelly, 2001; Thivierge, et al. 
2001) supported earlier research (Thomas and Emery, 1969) that found positive effects of 
buffers and MgO supplementation in reducing milk fat depression when cows are fed 
high concentrate, low fiber diets. 
 
The negative effect of high levels (>0.2% on a DM basis) of dietary MgO on production 
of preformed fatty acids is surprising since DMI was positively related (P<0.01) to intake 
of magnesium (data not shown). Further, in other experiments which used diets with low 
NDF, significant effects of buffer/MgO on preformed milk fatty acids were not observed 
(Kalscheur, et al., 1997; Kennelly, et al. 1999). Further research to elucidate whether or 
how buffers and MgO influence the production of classes of fatty acids or individual fatty 
acids is warranted. 
 
6.4.4 Production of C17 Fatty Acids 
Equation 13a in Table 6.3, contains the set of variables that best describe the production 
of C17 fatty acids. An interesting aspect to Equation 13a is that the categorical variable 
‘Diet’, has a significant effect on the production of C17. This indicates that TMR diets 
are associated with lower levels of production of C17 fatty acids than those based on 
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pasture. This prediction is consistent with a study that showed a positive linear increase 
in concentrations of C17 fatty acids in milk fat as the proportion of grass in the diet 
increased from zero to 100% (Couvreur, et al., 2006). 
 
C17 fatty acids are generally considered to be a component of the ‘Preformed’ group of 
fatty acids. The regression variables present in Equation 13a are, therefore, somewhat 
surprising since these do not closely mirror the regression variables that are used in 
Equation 12 to describe production of Total preformed fatty acids. In contrast to Equation 
12, in Equation 13a, high levels of MgO have a positive impact on production of C17 
fatty acids. Equation 13b shows that there is a weak linear relationship between the 
production of C17 and preformed fatty acids while Equation 13c shows that there is a 
stronger relationship between the production of C17 and the production of Total de novo 
fatty acids. Thus, by considering Equations 13a, 13b and 13c, it appears that the origins 
of C17 fatty acids in milk fat may, like those of C16:0, be partly intermediate between 
being synthesized de novo in the udder and being preformed. However, equations 13a, 
13b and 13c are also consistent with the theory that C17 milk fatty acids may originate in 
part from rumen microbes (Dewhurst, et al. 2000). 
 
6.4.5 Production of Stearic Acid  
Of the many variables and combinations of variables that were examined, just four 
variables: DMI, A18:0, MgO and Ifishfa were found to consistently describe the 
production of stearic acid (C18:0) (see Table 6.4, Equation 14a). 
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Table 6.4. Prediction of production (g/d), of stearic acid (PC18:0) and of C18 mono-
unsaturated fatty acids.  
 
Equatio
n No. 
Dependent 
variable 
Regression 
variable(s)1 
Coefficient  SE t N (n)2 R2 
14a PC18:0 Intercept 42.3 ± 18.00 2.35 120 (29) 0.58 
  DMI 2.17 ± 0.97 2.23   
  A18:0 0.092 ± 0.029 3.21   
  MgO1 -6.24 ± 13.31 -0.47   
  MgO2 -42.2 ± 13.64 3.09   
  IfishFA -0.121 ± 0.020 -6.20   
14b PC18:0 PTpreform 0.23 ± 0.011 21.0 120 (29) F=442 
15a PC18:1 c9 Intercept 121.4 ± 15.5 7.83 120 (29) 0.56 
  A18:1c9 0.458 ± 0.110 4.17   
  A18:0 0.143 ± 0.049 2.95   
  IfishFA  -0.227 ± 0.019 -11.44   
15b PC18:1 c9 PTpreform 0.43 ± 0.017 25.9 120 (29) F=673 
16a PC18:1 tTot Intercept 8.08 ± 6.07 1.33 94 (23) 0.69 
  A18:1t 0.156 ± 0.046 3.42   
  IfishFA 0.161 ± 0.022 7.35   
  IfishFA2 -2.3E-4±3.6E-5 -6.40   
  DIM 0.441 ± 0.102 4.29   
  DIM2 -1.6E-3±3.6E-4 4.51   
  MgO1 13.69 ± 4.14 3.30   
  MgO2 -6.29 ± 4.92 -1.28   
  Diet -17.84 ± 2.31  -7.72   
16b PC18:1 tTot PTpreform 0.076± 0.007 10.76 90 (22) F=116 
17 PC18:1 t6-8 PC18:1tTotal 0.121 ± 0.023 5.17 21 (6) F=26.7 
18 PC18:1 t9 PC18:1tTotal 0.102 ± 0.023 5.43 21 (6) F=29.5 
19 PC18:1 t10 PC18:1tTotal2 0.0072 ± 0.014 5.12 21 (6) F=26.2 
20 PC18:1 t11 PC18:1tTotal 0.411 ± 0.627 6.55 21 (6) F=42.9 
21 PC18:1 t12 PC18:1tTotal 0.169 ± 0.023 4.44 15 (4) F=19.7 
1     A18:0 = Amount of C18:0 absorbed from the intestine (g/d); A18:1c9 = Amount of 
C18:1c9 absorbed from the intestine (g/d); A18:1t  = Amount of C18:1t (all isomers) 
absorbed from the intestine (g/d); BWT = Bodyweight (kg); Diet = a categorical variable, 
0 = Pasture, 1 = TMR; DIM = Days in milk; DMI = Dry matter intake (kg); IFCHO = 
Intake of fermentable carbohydrate (kg/d);  IfishFA = Intake of fish-oil fatty acids (g/d); 
MgO = a categorical variable, 0 = no magnesium supplement, 1 = magnesium 
supplement up to 0.2% of diet DMI, 2 = magnesium supplement greater than 0.2% of 
DMI; PC18:1tTotal = total production of all isomers of C18:1t (g/d) ; PTpreform = total 
production of preformed fatty acids (g/d). 
2 N = total number of diets, n= total number of experiments 
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It is perhaps not surprising that DMI was one of these variables since DMI is generally 
linearly related to milk production. Similarly, it is not surprising that production of stearic 
acid was related to the amount of absorbed stearic acid (Hermansen, 1995). Equation 14a 
is also consistent with the findings of Lacasse, et al. (2002) and of Loor, et al.(2005a), in 
that it indicates production of C18:0 declines with the intake of fish oil fatty acids. 
Reports on the influence of supplemental MgO on production of individual milk fatty 
acids are not common. The finding in Equation 14a, of a strong (P<0.01) negative impact 
of high levels of supplemental MgO on the production of C18:0 is intriguing. MgO was 
not associated with a positive effect on either the production of trans-11, C18:1 or cis-9, 
C18:1. This suggests that MgO supplements neither inhibit BH of C18:1 fatty acids nor 
enhance the activity of the Δ-9 desaturase enzyme within the udder. It is therefore 
possible, that the observed inhibitory effect of high levels of dietary MgO on the 
production of stearic acid may be caused by another phenomenon such as inhibition of 
the intestinal absorption of stearic acid.  This possibility warrants further research. 
Equation 14b shows that the production of stearic acid constitutes a fairly constant 23% 
of the total preformed fatty acids. 
6.4.6 Production of Oleic Acid  
As shown by Equation 15a, and as would be expected from the work of Hermansen, 
(1995), the production of oleic acid (cis-9 C18:1) is directly related to the amount of cis-9 
C18:1 absorbed. It is known that cis-9 C18:1 is also produced in the udder by the 
desaturation of stearic acid (Kinsella, 1972), and equation 15a quantifies this effect. 
Equation 15a also supports the findings of Lacasse, et al. (2002) and of Loor, et al. 
(2005a), because it predicts a strong negative effect from intake of fish oil fatty acids on 
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the production of oleic acid. Equation 15b shows that cis-9 C18:1 is the most abundant 
preformed fatty acid and that its production constitutes a fairly constant 43 % of the 
production of Total preformed fatty acids. 
 
6.4.7 Production of Total and Individual Isomers of trans Octadecenoic Acid 
Sixty-nine percent of the variation in the production of Total trans octadecenoic acid 
(PC18:1tTot) was described by an equation with five factors (Table 6.4, Equation 16a). 
As expected, Equation 16a predicts that PC18:1tTot is strongly positively related to the 
amount of C18:1t absorbed in the small intestine.  Equation 16a also predicts that there is 
a positive quadratic relationship between intake of fish oil fatty acids and PC18:1tTot 
with maximum PC18:1tTot occurring when there is an intake of approximately 350 g/d 
of fish oil fatty acids. The positive quadratic relationship between DIM and PC18:1tTot 
predicts that the peak in the production of PC18:1tTot occurs at approximately 138 DIM. 
The coefficients for the categorical variable MgO, indicate that when there is a small 
amount (greater than zero, but less than 0.2% on DM basis) of supplemental MgO in the 
diet, then PC18:1tTot will be enhanced. The ‘Diet’ variable indicates that pasture based 
diets are associated with higher levels of PC18:1tTot, a finding consistent with the 
substantially higher concentration of Total trans-C18:1 found in the milk fat when the 
pasture proportion of the diet increased from 0 to 100% (Couvreur, et al., 2006). Equation 
16b indicates that the PC18:1tTot constitutes approximately 8 % of the production of 
Total preformed fatty acids. 
 
The production of specific trans octadecenoic isomers is of great interest because of 
possible associations between dietary intake of trans fatty acids and cardiovascular 
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disease (Mozaffarian, et al., 2006). Equations 17, 18, 19, 20 and 21 describe the 
production of individual isomers of trans-C18:1 in terms of PC18:1tTotal.  
 
6.4.8 Production of Linoleic and Conjugated Linoleic Acid  
Table 6.5 presents equations that predict the production (g/d) of poly-unsaturated C18 
fatty acids in milk. As shown by Equation 22a, and as would be expected from the work 
of Hermansen, (1995), the production of linoleic acid (cis-9, cis-12 C18:2) is directly 
related to the amount of C18:2 absorbed. 
 
Despite an extensive examination of many other dietary and cow level factors, only two 
other variables, DMI and IfishFA were found to influence the production of cis-9, cis-12 
C18:2. This is surprising since Hermansen, (1995) reported a negative relationship 
between the proportion of C16:0 in dietary fatty acids and the proportion of C18:2 and 
C18:3 in milk fatty acids. Equation 22b shows that the production of cis-9, cis-12 C18:2 
constitutes a fairly fixed 7.0% of the production of Total preformed fatty acids. 
 
Conjugated Linoleic acid (CLA) are a family of isomers of linoleic acid characterized by 
two carbon=carbon double bonds, that are separated by a single carbon-carbon bond. 
Specific isomers of CLA, especially cis-9, trans-11 C18:2 are of interest because these 
have human health benefits.  The trans-10, cis-12 C18:2 isomer has potent effects on 
lowering milk fat concentration when injected or infused post-ruminally (Parodi, 2002).  
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Table 6.5. Prediction of the production (g/d) of poly-unsaturated fatty acids in milk.  
 
Eq. 
No. 
Dependent 
variable 
Regression 
variable(s)1 
Coefficient± SE t N (n)2 R2 
22a PC18:2 c9, c12 Intercept -34.5 ± 15.7 -2.19 120 (29) 0.70 
  A18:2 0.36 ± 0.05 7.85   
  DMI 2.29 ± 0.83 2.76   
  IfishFA -0.022 ± 0.010 -2.23   
22b PC18:2 c9, c12 PTpreform 0.070 ± 0.007 9.74 120 (29) F=94.9 
23a PC18:2 c9, t11 Intercept 3.17 ± 0.42 7.49 76 (19) 0.71 
  A18:1t 0.043 ± 0.0083 5.21   
  IfishFA  0.044 ± 0.008 5.38   
  IfishFA2  -6.0E-5 ±1.7E-5 -3.44   
  Buffer1 3.26 ± 1.49 2.18   
  Buffer2 4.03 ± 0.85 4.72   
  MgO1 -2.32 ± 1.10 2.09   
  MgO2 -4.04 ± 0.63 6.45   
23b PC18:2 c9, t11 PTpreform 0.018 ± 0.002 7.24 76 (19) F=52.4 
24 PC18:2 t10, c12 Intercept 0.0043 ± 0.097 0.04 35 (9) 0.42 
  A18:2 0.0081 ± 0.0025 3.22   
  Buffer1 -0.38 ± 0.090 4.22   
25a PC18:3  Intercept 0.59 ± 1.95 0.30 114 (28) 0.50 
  A18:3 0.299 ± 0.042 7.06   
  A18:32 -1.4E-3 ±2.3E-4 6.13   
  DIM -8.5E-3±4.0E-3 -2.12   
  DMI 0.238 ± 0.080 2.96   
  IfishFA -0.0044±0.0014 -2.97   
  A18:1t -0.021 ±0.0055 -3.88   
25b PC18:3  PTpreform 0.012 ±0.0012 9.53 114 (28) F=90.9 
 
1    A18:1t  = Amount of C18:1t (all isomers) absorbed from the intestine (g/d); A18:2 = 
Amount of C18:2 absorbed from the intestine (g/d); A18:3 = Amount of C18:3 absorbed 
from the intestine (g/d); Buffer = categorical variable, 0 = no buffer, 1 = buffer up to 
0.2% of DMI, 2 = buffer more than 2% of DMI; DIM = Days in milk; DMI = Dry matter 
intake (kg/d0; IfishFA = Intake of fish-oil fatty acids (g/d); MgO = a categorical variable, 
0 = no magnesium supplement, 1 = magnesium supplement up to 0.2% of diet DMI, 2 = 
magnesium supplement greater than 0.2% of DMI; PC18:1tTotal = total production of all 
isomers of C18:1t (g/d); PTpreform = total production of preformed fatty acids (g/d);  
2 N = total number of diets, n= total number of experiments 
 
Equation 23a which contains four variables, explains 71% of the variation in the PC18:2 
c9 t11. The involvement of A18:1t in Equation 23a is consistent with the main source of 
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production of cis-9, trans-11 C18:2 in the udder being from the action of Δ -9 desaturase 
on trans-11 C18:1 (TVA) (Mosley, et al., 2006). The positive linear effect of intake of 
fish oil fatty acids on PC18:2 c9t11 may reflect an inhibition of complete ruminal BH of 
C18 fatty acids. Consequently, TVA would accumulate within the rumen, in turn 
increasing subsequent systemic production of cis-9, trans-11 C18:2 (Wasowska, et al., 
2006). The negative quadratic effect of high concentrations of fish oil on production of 
cis-9, trans-11 C18:2 may reflect production of large amounts of TVA that exceed the 
desaturation capacity of the Δ-9 desaturase enzyme within the udder, or that high levels 
of specific fatty acids from fish oil may inhibit the Δ-9 desaturase activity of the 
mammary gland (Dhiman, et al., 2005). 
 
The significant positive effect of high levels of buffer and negative influence of MgO on 
PC18:2 c9 t11 are intriguing. We have been unable to identify experiments which report 
the separate effects of different levels of supplemental dietary buffer and MgO on CLA 
concentrations in milk. In a review of factors influencing CLA content of milk, (Dhiman, 
et al., 2005) stated that: “Reduction in ruminal pH decreases the population of cellulolytic 
bacteria and other microbes responsible for lipid BH and the production of CLA and 
TVA” On this basis, one might expect both additional dietary buffer and MgO would  
lead to increased production of CLA. On the other hand, if low ruminal pH selectively 
inhibited the BH of trans-C18:1 fatty acids, desaturation within the udder of absorbed 
trans-11 C18:1 would lead to high levels of CLA. In support of this latter possibility, 
there have been two studies in which addition of buffer to high concentrate diets reduced 
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production of trans C18:1 fatty acids in milk (Kalscheur, et al., 1997; Kennelly, et al., 
1999).  
 
Because both additional dietary buffer and MgO were not significantly related to 
production of either cis-9, C16:1 or cis-9, C18:1, we can conclude that these factors did 
not influence the activity of the Δ-9 desaturase enzyme within the udder. The effects of 
buffer and MgO on production of CLA must be viewed with caution since these are 
based on different levels of buffer and MgO across experiments. Such data are subject to 
the influence of unmeasured or unknown variables that may confound results. Therefore, 
we suggest that these findings warrant further research. Equation 23b indicates that 
PC18:2 c9 t11 constitutes just 1.8% of the total production of preformed fatty acids. 
 
Despite much research into trans-10, cis-12 C18:2, the factors that influence its 
production are not well understood. Equation 24 indicates that PC18:2 t10 c12 is 
positively related to AC18:2 and negatively related to the inclusion of buffer in the diet. 
The majority of A18:2 is likely to be cis-9, cis-12 C18:2 (Loor, et al., 2005a). We 
interpret the involvement of A18:2 in Equation 24 to indicate that the dietary situations 
that are conducive to large amounts of cis-9, cis-12 C18:2 being produced in the rumen, 
are also conducive to trans-10, cis-12 C18:2 being produced in the rumen by 
isomerization of cis-9, cis-12 C18:2. Inclusion of buffer, principally sodium bicarbonate, 
in diets has long been known to reduce the depression in milk fat% associated with 
restricted roughage high concentrate diets (Thomas and Emery, 1969). This analysis 
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suggests that a potential mechanism by which bicarbonate achieves this effect is by 
reduced formation of trans-10, cis-12 C18:2 within the rumen. 
 
6.4.9 Production of Linolenic Acid 
Linolenic acid (cis-9, cis-12, cis-15 C18:3) is an omega 3 fatty acid which has been 
ascribed numerous health benefits (Givens, et al., 2000). Equation 25 in Table 6.5, 
indicates that production of cis-9, cis-12, cis-15 C18:3 is positively quadratically related 
to A18:3. The positive influence of DMI, and the negative influence of DIM, IfishFA and 
A18:1t on PC18:3 c9 c12 c15 are not unexpected for the same reasons that these 
variables influence the production of the other fatty acids discussed above. 
 
6.4.10 Production of Arachidic, Eicosapentaenoic and Docosahexaenoic Acids  
There are few data available in studies or reviews that focus on Arachidic acid (C20:0). 
Although C20:0 is believed to be formed systemically by the action of the elongase 
enzyme on C16:0 and C18:0, there were no significant relationships between the amounts 
of C16:0 or C18:0 absorbed from the intestine and the daily milk production of C20:0. 
Equation 26 in Table 6.6, indicates that production of C20:0 in milk fat is positively 
related to DMI and surprisingly to the amount of C18:3 absorbed from the intestine. 
Equation 26 also indicates that production of C20:0 was negatively related to DIM and 
BWT. 
 
Eicosapentaenoic acid (cis-5, cis-8, cis-11, cis-14, cis-17 C20:5 ) and Docosahexaenoic 
acid (cis-4, cis-7, cis-10, cis-13, cis-16, cis-19 C22:6) are two omega 3 fatty acids that are 
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required for many metabolic processes in man and animals and which have beneficial 
health effects (Givens, et al., 2000; Pawlosky, 2005). In Chapter 5, we documented the 
presence of only very low concentrations of C20:5 and C22:6 in milk. Although there are 
only very small concentrations of C20:5 and C22:6 in land plants, there are high 
concentrations of C20:5 and C22:6 in marine organisms (algae, fish, shrimp, marine 
mammals) (Givens, et al., 2000). Currently, there is some controversy as to the extent of 
BH in the rumen of these fish oils (AbuGhazaleh and Jenkins, 2004; Dohme, et al., 
2003). Despite this controversy, equations 27 and 28 in Table 6.6, indicate that the 
production of C20:5 and C22:6 in milk are strongly (P<0.01) positively related to the 
intake of fish oil fatty acids. 
Table 6.6. Prediction of the production (g/d) of Arachidic (C20:0), Eicosapentaenoic 
(C20:5), Docosahexaenoic (C22:6) and other (POther) fatty acids in milk.  
 
Eq. 
No. 
Dependent 
variable 
Regression 
variable(s)1 
Coefficient± SE t N (n)2 R2 
26 PC20:0 Intercept 5.85 ± 0.90 6.50 30 (8) 0.82 
  A18:3 0.0037±0.00051 7.32   
  BWT -0.014±0.0015 -9.35   
  DIM -0.0021±0.0007 -2.96   
  DMI 0.193 ± 0.029 6.57   
27 PC20:5 Intercept 0.39 ± 0.32 1.24 39 (10) 0.84 
  IfishFA 0.0041±0.00022 18.71   
  DIM -0.0048±0.0008 -5.81   
  DMI 0.050 ± 0.012 3.98   
28 PC22:6 Intercept 0.065 ± 0.065 1.01 31 (8) 0.59 
  IfishFA 0.0022 ± 0.0003 7.29   
  AC18:3 0.0188±0.0073 2.59   
29 POther IFCHO 4.60 ± 1.80 2.55 120 (29) F=35.7 
  AOther 0.57 ± 0.26 2.16   
 
1    A18:3 = Amount of C18:3 absorbed from the intestine (g/d); BWT = Bodyweight 
(kg); DIM = Days in milk; DMI = Dry matter intake (kg/d0; IfishFA = Intake of fish-oil 
fatty acids (g/d);  
2 N = total number of diets, n= total number of experiments 
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It is known that in humans, C20:5 and C22:6 can be synthesized within the liver from the 
precursor C18:3 (Pawlosky, 2005). We did not find any relationship between the 
production in milk of C20:5 and intestinal absorption of C18:3. However, Equation 28 is 
consistent with the findings of Pawlosky, (2005) in that it predicts the production of 
C22:6 is positively related (P<0.05) to the amount of C18:3 absorbed from the diet.  
 
6.4.11 Production of ‘Other’ Fatty Acids 
In many reports in the scientific literature the terms ‘Other’ fatty acids or ‘Unknown’ 
fatty acids are used as a catch-all term to describe a grab-bag of various fatty acids. This 
group of ‘Other’ fatty acids is by no means a definitive term since depending on each 
particular experiment, it may or may not include odd and branched chain fatty acids, 
unidentified isomers of C18 unsaturated fatty acids, a host of unusual fatty acids that are 
normally present in milk fat at very low concentrations and any artifact of chemical 
analysis. Thus the prediction of the production of ‘Other’ fatty acids will necessarily 
present difficulties. In Table 6.6, Equation 29 (which is forced through the origin), 
predicts the production of ‘Other’ fatty acids based on the intake of fermentable 
carbohydrate (IFCHO) and the amount of ‘Other’ fatty acids absorbed from the intestine. 
The involvement of fermentable carbohydrate in equation 29 suggests that some of the 
‘Other’ milk fatty acids may well be short chain fatty acids that are produced de novo in 
the udder by chain extension from acetate. The involvement of the term ‘AOther’, 
signifying absorbed ‘Other’ fatty acids, is consistent with known biology. 
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6.5 Mammary Transfer Coefficients of Fatty Acids 
Despite the importance of absorbed LCFA to milk fat production, there has been a dearth 
of research aimed at determining the direct transfer coefficients of specific absorbed 
dietary LCFA to their corresponding LCFA in milk fat. In this analysis, the estimates for 
the coefficients for the direct transfer of the major absorbed LCFA to milk fat were: 
C16:0 40%; C18:0 9%; cis-9 C18:1 46%; all isomers of trans-C18:1 15.6%, cis-9, cis-12 
C18:2 36 %; cis-9, cis-12, cis15 C18:3 30%). The particularly low transfer coefficient for 
C18:0 probably arose because much of the C18:0 that is transferred from the blood to the 
udder is, as is suggested by Equation 15a, desaturated in the udder to produce cis-9 
C18:1. Using coefficients from equations 14a and 15a, we can estimate that 
approximately 23.5% of absorbed stearic acid was transferred to the udder and 
approximately 60% of this was desaturated to cis-9 C18:1.  Similarly, taking into account 
that considerable trans-11 C18:1 is known to be desaturated in the udder to cis-9, trans-
11 c18:2, and using coefficients from equations 16a and 23a, we can estimate that 
approximately 19.9% of absorbed total trans C18:1 was transferred to the udder and 
approximately 22% of this desaturated to cis-9, trans-11 C18:2. This estimate of the 
transfer coefficient for trans-C18:1 is somewhat less than the estimate of 33% obtained 
by Mosely et al. (2006), who used a stable isotope tracer. However, our estimate of 
approximately 22% desaturation of total trans C18:1 is similar to the estimate of 25.7% 
found by Mosely et al. (2006). The above estimated transfer coefficients for the major 
LCFA should not be thought of as fixed coefficients, but, as is indicated by equations 1-
29, the transfer of each specific absorbed fatty acid to milk fat may be modulated by a 
large set of dietary and animal factors.  
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6.6 Conclusions 
This analysis examined effects of a wide range of cow level and dietary treatment effects 
on production of individual fatty acids in bovine milk. Our analysis provided equations 
that predict production of 26 major fatty acids in milk fat. Up to six factors were used to 
describe production of specific fatty acids. The R2 for each equation was generally above 
0.5 indicating that each equation could account for more than 50% of the variation in the 
data. This work has opened the possibility that these empirical equations, or equations 
like them, may be used in computer programs such as CPM-Dairy, to predict daily 
productions of major individual fatty acids and total milk fatty acids and concentrations 
of these. 
 
Further data are required to validate these equations. In developing the equations, data 
from the vast majority of published experiments that reported essential appropriate data 
were used. Unfortunately, few independent data remain to validate the equations. Many 
studies on milk fatty acids have been published without sufficient details on cattle or 
dietary treatment to allow further evaluation. Although 15 years have passed since 
Grummer,(1991)  lamented that “Dose response curves for changes in milk fatty acid 
profiles due to increasing levels of supplemental fat are not abundant”, and despite 
publication of many hundreds of articles on milk fatty acids, there is still a dearth of 
publications that include necessary data for model development and validation. The 
future of dairy research will be greatly expedited if experiments are reported that provide 
the type of cow and dietary details and detailed milk fatty acid profiles described in this 
chapter. 
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Chapter 7.  
Evaluation of a Compartmental Model to 
Describe Non-Esterified Fatty Acid Kinetics in 
Holstein Dairy Cows. 
 
The work described herein has been published in Journal of Dairy Research as: 
Moate, P. J., J.R. Roche, L. Chagas, and R. C. Boston. 2007. Evaluation of a 
compartmental model to describe non-esterified fatty acid kinetics in Holstein dairy 
cows. Journal of Dairy Research. 74 (4) 430-437.  
 
7.1 Abstract 
The dynamics of non-esterified fatty acid (NEFA) metabolism in lactating dairy cows 
requires quantification if we are to understand how dietary treatments and disease 
influence changes in body condition (adipose reserves) and the production of milk fat.  
Recently, Thomaseth & Pavan (2003) presented a compartmental model (Thomaseth 
model), that employs the pattern of plasma insulin concentrations in humans to predict 
the dynamic changes that occur in the plasma concentrations of glucose and NEFA 
during an intravenous glucose tolerance test (IVGTT). The Thomaseth model, or at least 
a similar model, could have potential application to the field of energy metabolism in 
ruminants because it would enable the estimation of parameters that describe the rates of 
whole body disposition of glucose, and the production and utilization of NEFA. In this 
study we investigated the suitability of the Thomaseth model to describe NEFA and 
glucose kinetics in 10 lactating Holstein-Friesian cows given a standard IVGTT in early 
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lactation. The Thomaseth model described the general pattern of the NEFA response and, 
in particular, described the downward-slope and nadir in NEFA concentrations 
reasonably well. However, it failed to describe the initial latency period (the period 
before NEFA concentrations decline precipitously), and it could not describe terminal 
‘rebound’ plateau in NEFA concentration. Because of these inherent problems, the 
parameters of the Thomaseth model cannot be considered to provide accurate estimates 
of rates of NEFA production or utilization. It is concluded that the Thomaseth model is 
not suitable for describing NEFA kinetics in lactating dairy cows.  
 
Key words: NEFA kinetics, compartmental model, glucose tolerance test, dairy cow 
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7.2 Introduction 
Milk fat is composed of approximately 90% triglycerides, and these are assembled in the 
mammary gland, in part, from long-chain NEFA originating from the circulation (Taylor 
& MacGibbon, 2002). More than 90% of the fatty acids in blood are present as 
triglycerides, but triglycerides cannot enter the mammary gland. Therefore, NEFA are 
very important for milk fat production. Lipoprotein lipase (LPL), an enzyme bound to 
capillary endothelium, breaks down circulating triglyceride, releasing NEFA so that they 
can be absorbed into tissue or escape back into the circulation (Frayn et al. 1995; Teusink 
et al. 2003). Hormone sensitive lipase (HSL), an enzyme present in adipose tissue, 
hydrolyzes triglycerides allowing release of NEFA and glycerol from the adipocyte into 
the circulation (Frayn et al. 1995; Ferranini et al. 1997).  
 
Blood NEFA concentrations may fluctuate considerably in the short term in response to 
feeding or stress (Frohl & Blum, 1988; Boisclair et al. 1997). The principal way in which 
NEFA concentrations are regulated involves the inhibition of HSL by insulin (Ferrannini 
et al. 1997). When the concentration of glucose in plasma increases above a background 
level, insulin is released from the pancreas.  Insulin mediates glucose disappearance from 
blood by increasing the availability of glucose transporters (GLUT-4) on the cell surface 
which enhances the uptake of glucose by tissue. Elevated plasma insulin levels also 
reduce the rate of hepatic endogenous glucose production. Although NEFA is not 
controlled to a similar intensity as glucose, the metabolism of NEFA and glucose are 
related because they are both influenced by insulin (Sechen et al.1989; Frayn et al. 1995). 
Furthermore, NEFA and glucose metabolism are also linked because elevated plasma  
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NEFA concentrations have a major role in inhibiting glucose metabolism (the Randle 
fatty acid cycle; Randle et al. 1963) and because glucose and NEFA are known to be 
reciprocally regulated (the Sherringtonian metaphor; Tepperman and Tepperman 1979). 
 
The metabolism of  NEFA, insulin and glucose in animals in general and dairy cows in 
particular have been extensively investigated (Frohl & Blum 1988; Sechen et al. 1989; 
Lemsoquet et al. 1997), but a quantitative approach is required to gauge the relative 
importance of the various interactions. Kinetic compartmental models are useful since 
they not only enable quantification of the processes involved, but also facilitate the 
conceptualization of the system under consideration and may enable new insights into the 
physiological system (France and Thornley, 1982; Baldwin et al. 1987).  The glucose 
Minimal Model (MM) (Bergman et al. 1979; Bergman & Cobelli 1980), for example, 
facilitated elucidation of the interaction between glucose and insulin, led to advances in 
diabetes research and  has been the subject of over 700 scientific publications (Bergman, 
2005).  
 
The glucose MM, when applied to data from the intravenous glucose tolerance test 
(IVGTT), allows estimation of a number of diagnostically useful parameters and indices. 
The MM is aptly named in that it is made up of the minimal number of compartments and 
rate constants that are necessary to describe in exquisite detail, the time course of plasma 
glucose and insulin following a glucose challenge. The usefulness of the MM approach is 
that it is based on concepts that can be described by simple differential equations. From a 
practical viewpoint, glucose MM analysis provides estimates of parameters and indices 
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that have been shown to be useful for quantifying the glucose and insulin status of 
individuals and even populations. Although cows rely on absorbed ruminally derived 
VFA as their major energy substrate, they have glucose MM parameters of similar 
magnitude to those reported for humans (Boston et al. 2006), suggesting that in 
ruminants, as in humans, MM parameters are related to fundamental processes 
concerning glucose metabolism and its control by insulin.  
 
The glucose MM has already been shown to contain parameters linked to metabolic 
diseases, and the disposition index (DI) obtained from the MM, has been shown to be 
genetically determined (Bergman, 2005). Therefore, it seems reasonable to hypothesize 
that a model which contains parameters which are more closely related to lipolysis in 
adipose tissue and oxidation of fatty acids, and in which the parameters might also be 
genetically determined, would be useful for elucidating the causes of fatty liver 
syndrome, low milk fat syndrome, high milk fat production or identifying at an early age, 
animals likely to be pre-disposed to these conditions. 
 
An examination of the scientific literature indicates that there has only been one model 
developed (Thomaseth & Pavan 2003), which aims to describe the dynamic short term 
changes that occur in vivo, in plasma NEFA concentrations in response to a glucose 
tolerance test. This model (hereafter called the Thomaseth model), employs MM-type 
compartmental methodology to describe the time course of plasma NEFA concentrations 
in humans following either a standard or an insulin-modified IVGTT (IMIVGTT), or an 
oral glucose tolerance test (OGTT). The Thomaseth model is in fact, the glucose MM as 
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well as two additional differential equations and the ancillary system equations to 
describe NEFA disposition and its’ control by a remote insulin compartment. 
 
Unlike the glucose MM, the Thomaseth model, despite its considerable potential, has not 
been widely adopted as a tool for metabolic investigations. In fact, since the initial 
publication of the Thomaseth model, there has been no publication that we can ascertain 
in the refereed scientific literature reporting its ability to model NEFA kinetics in either 
humans or animals. Our overall objective is to use dynamic compartmental modeling to 
elucidate NEFA metabolism in dairy cows. Before deciding whether or not it is necessary 
to develop a completely novel model, it seems logical to assess whether the existing 
Thomaseth model may be applied to dairy cows. 
 
The aims of the work presented here were to examine the mathematical features of the 
Thomaseth model, to employ typical IVGTT datasets derived from the standard IVGTT 
protocol (each dataset containing 24 measurements of glucose, insulin and NEFA) to 
evaluate the ability of the Thomaseth model to predict detailed features of NEFA kinetics 
in lactating dairy cows, and to expose any practical problems associated with fitting the 
Thomaseth model to data.  
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7.3 Materials and Methods 
7.3.1 Background 
Since the Thomaseth model can be considered an extension of the glucose MM, a 
description of the Thomaseth model must begin with a description of the glucose MM. 
The glucose MM was developed to facilitate analysis of data on plasma glucose and 
insulin concentrations obtained from the IVGTT.  The glucose MM is encapsulated in 
two differential equations (1A and 2A) and ancillary system equations (1B, 2B and 2C): 
 
( ) ( )( ) ( )g g bdG t S X t G t S Gdt = − + +      Equation 1A 
 
( ) b
G
DG 0 G
V
= +        Equation 1B 
 
( ) ( ) ( )2 3dX t P X t P F tdt = − +       Equation 2A 
 
( ) ( ) bF t I t I= −  if I(t) > Ib, else 0    Equation 2B 
 
3
I
2
PS
P
=         Equation 2C 
 
where G(t) [mg/dl] is the predicted glucose concentration; the initial glucose 
concentration G(0) , is assumed to be the sum of the basal glucose concentration Gb, and 
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the glucose dose D  (300 mg/kg) divided by the normalized distribution volume VG 
[dl/kg]; Glucose effectiveness (Sg) [min-1]  is a first order rate constant which describes 
the ability of glucose itself to enhance its own disappearance from plasma independent of 
the effect of insulin; X(t) [min-1] is a state variable describing the action of insulin (in a 
compartment remote from blood, possibly the interstitium), to enhance the removal of 
glucose from plasma; X(t) is to some degree, a time delayed reflection of plasma insulin 
concentration. P2 [min-1] is a parameter describing the rate of decline of insulin action; 
and P3 [(mU.l-1)-1.min-2] is a parameter describing the movement of circulating insulin to 
the interstitial space.  I(t) [μU/ml] is a function in time describing the plasma insulin 
concentration, and it is obtained by linear interpolation of the plasma insulin 
concentration data. Since I(t) is known, it serves as a driver of the MM. The measured 
basal insulin concentration is denoted by Ib [μU/ml] and F(t) [μU/ml] is a function that 
represents the elevation of plasma insulin concentration above basal insulin. Insulin 
sensitivity SI [(mU/l)-1min-1] which is defined by equation 2C, represents the net capacity 
for insulin to promote the disposal of glucose.  
 
Two other useful indices are: acute insulin response to glucose (Area under the insulin 
response to glucose, AIRg) [mUl-1min-1] and the Disposition Index DI, [unit-less]. DI is 
the product of AIRg and SI. It has been shown to be useful for quantifying the glucose / 
insulin status of individuals and even populations, and in humans is genetically 
determined (Bergman, 2005). In humans, SI, is reduced in individuals with fatty liver 
(Perseghin et al. 2006), and the presence of specific genotypes associated with hepatic 
lipases has also been associated with SI (Teran-Garcia et al. 2005). In cattle, decreased 
 227
  
feed intake or even fasting like that which sometimes occurs in the peri-parturient period, 
especially in sick or “downer” cows suffering from milk fever or grass tetany, may cause 
elevated triglyceride content in the liver and reduced SI, (Oikawa & Oetzel 2006). 
  
7.3.2 The Thomaseth Model 
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Figure 7.1. A schematic depiction of the Thomaseth NEFA model which incorporates the 
Bergman glucose minimal model (grey area). 
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The Thomaseth model (Figure 7.1), consists of the Bergman Minimal Model (equations 
1A, 1B, 2A, 2B and 2C) and the following equations:  
( ) ( ) ( )({ )}b FFA FFAdFFA t FFA t FFA 1 S Y tdt - ,ρ= − 'max   Equation 3A 
 
( ) bFFA 0 FFA=        Equation 3B 
 
( ) ( )(IT b )X t S Y t I= −       Equation 3C 
 
( ) ( ) bY t Y t I= −'        Equation 3D 
 
( ) ( ) ( )(2TdY t P Y t F tdt = − −' ' )      Equation 4 
 
where FFA(t) is the predicted plasma NEFA concentration [μmol/l]. The basal NEFA 
concentration (FFAb ) [μmol/l], is also the initial NEFA concentration (FFA(0)) 
(Equation 3B). The parameter KFFA [min-1] is a first order fractional turnover rate 
constant related to the disposition of NEFA (oxidation of NEFA by tissues and 
sequestration of NEFA into adipose tissue or the mammary gland).  Y(t) [μU/ml], is a 
delayed profile of I(t), and Y(t) is related to X(t) in equation 2A of the Glucose MM  by 
Equation 3C. Y’(t) [μU/ml], is a remote insulin compartment acting to regulate NEFA, 
and it is defined by Equation 3D.  Thomaseth states “starting from basal FFA production 
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at basal insulin, FFA production decreases with slope SFFA [ml/μU] for supra-basal 
increases in remote insulin up to a value beyond which FFA production becomes 
constant”. The magnitude of the effect that supra-basal increases in remote insulin have 
on reducing the production of FFA is given by the parameter SFFA  [ml/μU], while ρFFA [a 
unit-less fraction of the basal FFA production] is the maximum inhibitory capacity of 
insulin on FFA production. The function: max (1-SFFAY’(t), ρFFA)  can be explained by: 
max (a,b) = a if a ≥ b and b if a < b. In Equation 4, P2T [min-1] is a parameter describing 
the rate of decline of insulin action a propos NEFA production. In the Thomaseth model, 
it is assumed that the same dynamics of remote insulin applies to both the Glucose and 
NEFA models and therefore P2T = P2. In this paper, SI, Sg and P2 refer specifically to 
glucose MM parameters, while SIT, SgT and P2T refer to the corresponding parameters in 
the Thomaseth model. 
 
7.3.3 Experimental Data 
Ten multiparous Holstein-Friesian dairy cows (4.6 ± 1.43 yr; 539 ± 72.6 kg BW; mean ± 
SD) from two diverse genetic strains (North American; n=3 or New Zealand; n=7) and 
three feeding treatments (a generous allowance of pasture (>45 kg DM/cow per d 
measured to ground level) + either 0, 3 or 6 kg concentrate DM/cow per d; n = 5, 3 and 2 
cows, respectively) and producing 31.9 ± 5.96 kg milk/d, 1.4 ± 0.19 kg fat/d, 1.1 ± 0.20 
kg protein/d and 1.6 ± 0.28 kg lactose/d (4.46 ± 0.655, 3.43 ± 0.094 and 4.87 ± 0.115% 
fat, protein and lactose, respectively) were subjected to a standard IVGTT without 
exogenous insulin. The cows were in early lactation (21 ± 3.5 DIM) and were 
intentionally selected for a diversity of origin and nutrition treatments to ensure as far as 
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possible, a diverse range of NEFA responses. Prior to this experiment the cows had been 
involved in other experiments and were well used to being handled and having multiple 
samples of blood collected over a short duration. 
 
In-dwelling catheters were placed in the left jugular vein of each cow 24 h before the 
IVGTT, and cows were fasted for 12 h before glucose infusion. Glucose (300 mg/kg BW) 
was infused via the left jugular vein into each cow over a two minute period and the line 
was flushed with saline solution.  Blood samples from each cow were withdrawn five 
min before (-5 min) and immediately prior to (0 min) glucose infusion, Further samples 
were collected at 2, 4, 6, 8, 10, 12, 15, 18, 20, 23, 26, 30, 35, 40, 50, 60, 90, 120, 150, 
180, 210 and 240 minutes relative to the time of infusion. Blood was collected in 10ml 
heparin-coated blood tubes (100 IU heparin/ml blood), the tubes immediately placed on 
ice, and the tubes centrifuged (1120 × g, 10 min, 4°C) within minutes of collection, 
plasma extracted and frozen awaiting analysis for glucose, insulin and NEFA. Analyses 
for NEFA (colorimetric method) and glucose (hexakinase method) were performed on a 
Hitachi 717 analyzer (Roche, Basel, Switzerland) at 30º C by Alpha Scientific Ltd., 
Hamilton. The inter- and intra-assay CV was <2%. Plasma insulin concentrations were 
measured using a double antibody RIA (Hales & Randle, 1963), with inter and intra-
assay CV < 10%. 
 
7.3.4 Model Fitting and Data Analysis 
The Thomaseth model was implemented using WinSAAM version 3.07 (which can be 
downloaded from WinSAAM.com) (Stefanovski et al. 2003). Using I(t) as the model 
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driver, the Thomaseth model was fitted to the NEFA and glucose data using generalized 
least squares.  The Bergman glucose MM was independently fitted to the glucose and 
insulin data using MinMod Millennium version 6.02 (obtained from MinMod Inc. 2006), 
(Boston et al. 2003). Data on SI (as estimated by MinMod Millennium (SI) and the 
Thomaseth model (SIT)) and Sg (as estimated by MinMod Millennium(Sg) and the 
Thomaseth model (SgT)) were compared using Lin’s concordance correlation coefficient 
(Lin, 1989). The Thomaseth model was also fitted to individual cow NEFA data using a 
two step “constrained” approach. In the first step,  glucose data was fitted to the glucose 
MM using MinMod Millennium, and in the second step, the Thomaseth model was fitted 
to the NEFA data, but the values for SgT, SIT and P2T were set fixed to the corresponding 
Sg, SI and P2 values as determined by MinMod Millennium. Analyses of variance, paired 
t-tests and concordance analyses were carried out using STATA software (Stata, 2006). 
 
7.4 Results and Discussion 
Table 7.1 presents the best fit mean estimates of the Thomaseth model parameters for 
lactating cows and the best fit parameters to the Bergman glucose MM.  Table 7.1 also 
presents estimates of the Thomaseth model parameters for NEFA disposition (KFFA, SFFA 
and ρFFA) when SgT, SIT and P2T have been fixed at their corresponding Sg, SI and P2 
values as determined by MinMod Millennium. Figure 7.2 presents three typical examples 
of the Thomaseth model predictions to individual IVGTT datasets. 
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Table 7.1 Parameter estimates for the Thomaseth NEFA model and the glucose minimal 
model for lactating dairy cows. 
 
Parameter Mean   ± STD Minimum Maximum 
 Thomaseth NEFA Model 
  
SgT [min-1]   0.0216 ± 0.0108 0.0028 0.0365 
SIT * 10 -4 [(mU/l)-1min-1] 9.85 ± 6.18 3.58 24.5 
P2T [min-1]   0.0398 ± 0.0111 0.0294 0.0571 
G 0T [mg/dl] 250 ± 29.7 193 283 
KFFA [min-1]   1.85 ± 2.52 0.10 8.17 
SFFA [ml/μU] 0.0619 ± 0.0208 0.0168 0.0921 
ρFFA [ ] 0.266 ± 0.108 0.149 0.49 
    
 Bergman Glucose Minimal Model 
  
Sg [min-1]   0.0235 ± 0.0061 0.0112 0.0344 
SI * 10 -4 [(mU/l)-1min-1] 12.9 ± 3.44 8.87 17.1 
P2 [min-1]   0.0433 ± 0.0636 0.00596 0.220 
G 0 [mg/dl] 247 ± 24.2 193 290 
 Thomaseth NEFA parameters obtained with glucose 
minimal model parameters constrained* 
KFFA* [min-1]   9.83 ± 8.47 0.13 21.6 
SFFA* [ml/μU] 0.108 ± 0.079 0.020 0.303 
ρFFA* [ ] 0.210 ± 0.138 0.0058 0.49 
 
* NEFA parameters obtained when Sg, SI  and P2 fixed to the individual glucose 
minimal model estimates obtained from MinMod Millennium 
 
 
In this investigation, we observed that the Thomaseth model has a number of compelling 
attributes as well as serious failings. The Thomaseth model could describe the general 
shape of the NEFA response to an IVGTT (Figure 7.2A). In particular, it could generally 
describe the major initial down-slope in NEFA which is related to the rate of utilization 
of NEFA (Figure 7.2A). The Thomaseth model could also describe the nadir in NEFA, 
even when the NEFA concentrations remained at a low level for an extended period of 
time (Figure7.2B). 
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Figure 7.2. Three different examples of NEFA (z, μmol/l), and insulin ( μU/dl) data 
fitted to the NEFA minimal model developed by Thomaseth & Pavan (2003). Note that in 
these graphs, the x axis is time in minutes, and for display purposes, the units for insulin 
are μU/dl rather than the more conventional and model specific μU/ml. 
 
 
In this investigation, we observed in at least three of the cows, an initial latency period 
which occurred before the precipitous fall in NEFA concentrations (Figure 7.2C and 
7.2D). During the latency period, NEFA concentrations either remained constant or even 
substantially increased. Although this latency phenomenon does not appear to have been 
previously investigated in dairy cows, it has been reported in humans (McLachlan et al. 
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2005; Sumner et al. 2004). Epinephrine release caused by the animals being frightened or 
by a ‘flurry of activity’ surrounding the start of an experiment might be expected to cause 
a transitory rise in plasma NEFA. However, the cows were well used to being handled 
and showed no signs of stress at any time during the IVGTT. Whatever the cause of this 
initial rise in plasma NEFA and the initial latency period, the structure of the Thomaseth 
model assumes that immediately after time zero, Y’(t) will increase and NEFA will 
necessarily always decline. Indeed, Thomaseth & Pavan (2003) admit: “Some problems 
were encountered with an unmodeled early initial increase of FFA concentrations”.  The 
failure of the Thomaseth model to describe the initial latency period must be regarded as 
a serious problem since it has the potential to adversely affect the accuracy with which 
KFFA may be estimated. 
 
Perhaps the most serious problem with the Thomaseth model is that it failed to accurately 
predict the rebound in NEFA concentration (see Figures 7.2B and 7.2C for typical 
examples).  The Thomaseth model assumes that after NEFA concentrations reach their 
nadir, they will slowly rebound to a plateau concentration which corresponds with their 
pre-IVGTT basal FA concentration (FFAb). In this investigation, the rebound NEFA 
plateau concentration was substantially higher than FFAb in eight of the ten cows. In 
another experiment, ten out of twenty cows exhibited supra-basal NEFA concentrations 
at 240 minutes after an intravenous glucose challenge (Roche et al. unpublished data). In 
humans, the plasma concentration of NEFA during the rebound plateau phase has 
sometimes been observed to be significantly higher than the pre-IVGTT basal FA 
concentration (Sumner et al. 2004), and sometimes been observed to be either not 
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different or significantly lower than the pre–IVGTT basal FA concentration (Wueston et 
al. 2005). In previous reports of IVGTT in cattle, the plasma concentration of NEFA 
during the rebound plateau phase has generally been approximately equal to the pre-
IVGTT basal FA concentration, although this might be attributed to the fact that in these 
previous studies, plasma samples were collected for only 75 (Lemsoquet et al. 1997) or 
120 minutes (Sechen et al. 1989) after administration of the glucose challenge. 
  
The inability of the Thomaseth model to describe the initial latency period and the 
rebound plateau concentration means that for individual subjects, some parameter 
estimates, especially KFFA  and SgT , were poorly estimated. For example, in the case of 
cow 1949 (see Figure 2C) her parameter estimates were: KFFA 51.6 ± 20.1, SFFA 0.0629 ± 
0.0017,  ρFFA  0.36  ± 0.014 , SgT  0.0088  ± 0.0043 , SIT * 10 -4  21.0  ± 2.0 , P2T  0.055 ± 
0.0024, G 0T  220  ± 8.8. 
 
In Table 7.1, we see that the mean values for SgT, SIT and P2T are not too different 
numerically from their corresponding parameters from the glucose minimal model Sg, SI 
and P2.  However, what is disturbing is that there is a general lack of concordance 
between each of the glucose minimal model parameters and their corresponding 
parameters from the Thomaseth model. For SgT and Sg, Lin’s concordance correlation 
coefficient was 0.35 and Pearson's r = 0.42. For SIT and SI, Lin’s concordance was 0.31 
and Pearson's r = 0.45.  For P2T and P2, Lin’s concordance correlation coefficient was just 
0.18 and Pearson's r = 0.53. Because MinMod Millennium has been thoroughly tested 
with datasets obtained from many different species and many different experimental 
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treatments, the estimates for Sg, SI and P2 obtained from this software, must be 
considered to be more reliable. Therefore, we consider that the Thomaseth model, by 
simultaneously trying to estimate both the glucose MM parameters and the ‘NEFA’ 
parameters compromised the estimation of all the parameters. 
 
When the Thomaseth model was fitted to data from individual subjects and values for 
SgT, SIT and P2T  constrained to be equal to their corresponding values of Sg and SI and P2 
in the glucose MM (as estimated by using MinMod Millennium), then the individual 
subject estimates for KFFA, SFFA and ρFFA became poorly determined with large error 
estimates (data not shown), and the mean estimates for these parameters deviated 
substantially from the corresponding estimates determined when SgT and SIT were 
unconstrained (Table 7.1).  
 
The failings of the Thomaseth model were all due to the fact that it is based on 
assumptions and a mathematical structure that does not have the flexibility to perfectly 
describe the NEFA response especially in the period after the nadir in NEFA 
concentrations. In the Thomaseth model, the main inhibitor of production of NEFA is 
insulin action and it is assumed that this insulin action is closely related to the insulin 
action that drives glucose utilization. Failure of the Thomaseth model to describe the 
rebound in NEFA, suggests that NEFA production is inhibited by a different ‘insulin 
action’ from that which promotes glucose disposal. This seems plausible since the liver 
and muscles are the primary sites where insulin acts to control glucose utilization, 
whereas, it is in adipose tissue that insulin acts to inhibit NEFA production. When the 
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Thomaseth model was fitted to an individual subject’s data and SgT and SIT and P2T  
constrained to their corresponding values as determined using MinMod Millennium, the 
predicted rebound in NEFA concentration were in some instances, substantially delayed 
(Figure 7.3).   
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Figure 7.3. Plasma NEFA (z, μmol/l), glucose (S mg/dl) and insulin (, μU/ml) during 
an intravenous glucose tolerance test in cow 9970 (see also Figure 2A). The dashed line 
for glucose is the predicted response obtained from the MinMod Millennium 
implementation of the Bergman glucose minimal model. The solid line for the NEFA 
response was predicted from the Thomaseth model with P2T, SIT and SGT constrained to 
values estimated by MinMod Millennium. This example demonstrates that Insulin action 
as estimated by the glucose minimal model, cannot in this case, be used in the Thomaseth 
model to account for the rebound in NEFA concentrations.  
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The model predictions in Figure 7.3 suggest that if insulin does indeed inhibit NEFA 
production, then P2T (the rate at which insulin action in adipose tissue declines) must be 
larger in magnitude than P2 (the rate of decline of insulin action apropos glucose 
utilization in liver and muscle). This possibility is consistent with the fact that insulin 
clearance in various tissues is controlled by insulin degrading enzyme (IDE), and the 
activity of IDE is known to vary greatly in different tissues (Mora et al. 2003). The fact 
that a common P2 cannot be used satisfactorily to model both glucose and NEFA 
disposition indicates the need for a model where these two effects are independently 
modeled. 
 
The Thomaseth model is capable of describing the nadir in NEFA kinetics, even when 
the approach to nadir and the rebound from nadir appears discontinuous as in Figure 
7.2B. Whilst this capability of the Thomaseth model is to be lauded, it must be 
acknowledged that models that contain abrupt discontinuities, e.g., the ‘max’ function in 
equation 3, may prove problematic for data fitting.  The detailed analysis presented here, 
of the capabilities of the Thomaseth model to describe NEFA kinetics in lactating cows 
was facilitated by the fact that we utilized a standard IVGTT sampling protocol and had 
23 samples of glucose, insulin and NEFA for each cow. In contrast, when developing 
their NEFA model, Thomaseth and Pavan used IVGTT datasets in which NEFA 
measurements were made at just 8 sampling times per subject (0, 10, 40, 80, 100, 140, 
180 and 240 minutes after start of the IVGTT) and OGTT datasets with just 9 NEFA 
sampling times per subject (0, 10, 20, 30, 60, 90, 120, 150 and 180 minutes after the start 
of the OGTT). The NEFA response to an IVGTT has been shown to consist of at least 
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four phases (Sumner, et al., 2004), each of which may reveal important insights into the 
mechanisms that control NEFA metabolism. We surmise that because of the sparse 
datasets employed by Thomaseth and Pavan in developing their NEFA model, they may 
not have detected substantial systematic localized departures of their model predictions 
from the actual trajectory of NEFA concentrations, and the outcome was a model which 
lacks the capabilities to predict important features of the NEFA response. 
 
7.5 Conclusions 
In this paper we have evaluated the suitability of the Thomaseth model to describe NEFA 
kinetics in lactating cows. The Thomaseth model must be regarded as seminal to this 
field in that it describes the general features of the NEFA response to an IVGTT and 
provides a number of parameters that can be used to quantify NEFA production and 
utilization. This acknowledged, it must also be concluded that the Thomaseth model has 
some serious deficiencies that call into question the very basis of the model. Our analysis 
highlights the fact that the Thomaseth model could not predict the latency phase in the 
NEFA response or the rebound plateau concentration of NEFA. The parameters of the 
Thomaseth model were poorly estimated and the parameters associated with glucose 
disposal (SgT, SIT and P2T) were distorted from their corresponding MinMod Millennium 
estimates. The next logical step would be to fix the Thomaseth model. The deceptively 
simple differential equations of the Thomaseth model might lead one to think that by 
simply adjusting a parameter or introducing another parameter to the Thomaseth model, 
this could easily be achieved. However, over two years, we have tried a large number of 
physiogically plausible modifications, and have as yet not achieved a satisfactory model. 
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It is concluded that a model to accurately describe NEFA kinetics in dairy cows will 
necessarily be radically different from the Thomaseth model. 
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Chapter 8.  
A Novel Minimal Model to Describe Non-
Esterified Fatty Acid Kinetics in Holstein Dairy 
Cows. 
 
The work described herein has been accepted for publication in Journal of Dairy 
Research as: 
Boston, R. C., J. R. Roche, G. M. Ward and P. J. Moate. A novel Minimal Model to 
describe non-esterified fatty acid kinetics in Holstein dairy cows. 
 
8.1 Abstract 
The dynamics of non-esterified fatty acid (NEFA) metabolism in lactating dairy cows 
requires quantification if we are to understand how dietary treatments and disease 
influence changes in body condition (adipose reserves) and the production of milk fat.  
We present a novel compartmental model that employs the pattern of plasma glucose 
concentrations to predict the dynamic changes that occur in plasma NEFA concentrations 
during an intravenous glucose tolerance test (IVGTT) in lactating dairy cows. The model 
was developed using data obtained from 10 early-lactation, Holstein-Friesian cows given 
a standard IVGTT. The model described all of the major features of the NEFA response 
to an IVGTT, it was consistent with physiological processes and provided a number of 
parameters that can be used to quantify NEFA production and utilization. For all of the 
individual cows, all model parameters were well identified and usually had coefficients 
of variation less than 10 percent of their estimated values. In the model, elevated plasma 
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glucose concentrations cause an increase in the level of glucose in a remote compartment, 
which in turn suppresses the rate of entry of NEFA to the plasma compartment. The 
means (± SD) for the five adjustable parameters of the model were: rate of entry of 
NEFA to the plasma pool (SFFA) 183 ± 71 [μmol/L/min], rate of removal (oxidation, 
sequestration in adipose tissue and uptake by the mammary gland for milk production) of 
NEFA from the plasma pool (KFFA) 0.140 ±0.047 [min-1], a threshold parameter  (gs) 
representing a plasma glucose concentration above which elevated levels of plasma 
glucose result in entry of glucose into a ‘remote’ or inaccessible glucose compartment, 
3.30 ±0.52 [mmol/L], a rate constant (K) describing the movement of plasma glucose 
(above gs) into a remote compartment 0.063 ± 0.033 [min-1] and a parameter  which is 
a Michaelis Menten type affinity constant which modulates the extent to which remote 
glucose inhibits the provision of NEFA to the plasma pool, 0.812 ± 0.276 [mmol/L]. It is 
concluded that the model is suitable to describe NEFA kinetics in lactating dairy cows 
and it may have application in other species. 
Φ
 
Key words: NEFA kinetics, compartmental model, glucose tolerance test 
 
8.2 Introduction 
The interactions between, NEFA, insulin and glucose in animals in general and dairy 
cows in particular have been extensively investigated (Frohl and Blum 1988; Sechen et 
al. 1989; Lemsoquet et al. 1997), but a quantitative approach is required to gauge the 
relative importance of the various interactions. Kinetic compartmental models of systems 
are useful since they not only enable quantification of the processes involved, but also 
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facilitate the conceptualization of the system under consideration and may enable new 
insights into the physiological system. The glucose Minimal Model is a good example of 
a model that has facilitated advances in understanding of the interaction between glucose 
and insulin (Bergman and Bowden, 1981; Bergman, et al., 1979; Opsomer, et al., 1999).   
   
A similar type minimal model to describe NEFA kinetics could produce parameters 
related to the rate of NEFA production and disposal and may have application in 
understanding such phenomena as low milk-fat syndrome, fatty liver syndrome, the 
metabolic control of body condition score change and the genetic control of high milk-fat 
production. Recently, Thomaseth and Pavan, 2003, presented a minimal model type 
compartmental model which aimed to describe the dynamic short term changes that occur 
(in vivo) in plasma NEFA concentrations in response to an intravenous glucose tolerance 
test (IVGTT). This model (hereafter called the Thomaseth model), has been employed to 
describe the time course of plasma NEFA concentrations in humans following either a 
standard IVGTT, an insulin-modified IVGTT , or an oral glucose tolerance test . Moate et 
al. (2007), evaluated the usefulness of the Thomaseth model for describing NEFA 
kinetics in lactating cows and concluded that there were aspects that made it unsuitable 
for describing NEFA kinetics in lactating dairy cows.  
 
A further attempt at modeling NEFA kinetics in humans was recently undertaken by Roy 
and Parker (2006).  Their model, hereafter called the Roy model, is certainly an extension 
of Bergman’s glucose minimal model. However, the Roy model can not be described as 
‘minimal’ since they extended the Glucose minimal model by introducing five additional 
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compartments and eight additional rate constants. The Roy model, employs six 
differential equations to describe: plasma glucose concentration, plasma insulin 
concentration, insulin action (related to action on glucose), remote insulin concentration 
(related to insulin action on NEFA utilization), plasma NEFA concentration,  and 
non-accessible NEFA (which affects glucose uptake in the hepatic and peripheral 
tissues). 
 
A meritorious feature of the Roy model over that described by Thomaseth and Pavaen 
(2003) is the concept of a new and separate remote insulin compartment, Y(t), to describe 
the specific effect of insulin on the rate of change of plasma NEFA. However, the Roy 
model has insulin action increasing the rate of disappearance of NEFA from the plasma, 
when it is generally accepted that one of the main effects of elevated plasma insulin 
concentrations with respect to NEFA is the inhibition of lipolysis within adipocytes and 
the associated cessation of NEFA flow into circulation (Frayn et al. 1995; Ferrannini et 
al. 1997). Whilst it is beyond the scope of this article to fully describe the complexities of 
the Thomaseth and Roy models, it appears that a major deficiency of both models are 
structures that are incapable of describing the supra-basal rebound in the plasma 
concentration of NEFA that occurs during the terminal phase of an IVGTT. 
 
The principal aim of the work presented here was the development of a novel ‘minimal 
model’ which is consistent with physiological processes and is capable of accurately 
describing all of the dynamic features present in the NEFA response to an IVGTT in 
dairy cows.  
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8.3 Materials and Methods 
8.3.1 NEFA Model 
The NEFA compartmental model presented here (henceforth called the Boston model), is 
encapsulated in the following differential and ancillary equations. A schematic of the 
model is presented in Figure 8.1.  
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Figure 8.1. A schematic of the mechanistic model developed to describe the pattern of 
change in plasma NEFA concentrations following an intravenous glucose tolerance test.  
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{ )()(* tRtG
dt
dR −= κ }      Equation 1 
 
{ } )()( tNEFAKth1S
dt
dNEFA
FFAFFA −−=     Equation 2A 
 
G(0) = Gb        Equation 2B 
 
NEFA(0)= NEFA0       Equation 2C 
 
R(0)= 0        Equation 2D  
 
( ) ( ) sgtGtG −=*        if G(t) > gs, else zero    Equation 2E 
 
( ) ( )( )
R t
h t
R tΦ= +        Equation 2F 
 
where t represents the time in minutes after an intravenous injection of glucose;   G(t) 
[mmol/L] is a function describing the plasma glucose concentration and it is obtained by 
linear interpolation of the plasma glucose data; Gb [mmol/L]  is the initial or basal 
glucose concentration,  gs [mmol/L] is a parameter which defines a threshold or ‘set-
point’ in plasma glucose concentration above which elevated levels of plasma glucose 
result in entry of plasma glucose into a ‘remote’ or inaccessible glucose compartment 
denoted by R(t) [mmol/L].  κ [min-1] is a fractional rate constant describing the 
 251
  
movement of plasma glucose (above gs) into a remote compartment; NEFA (t) represents 
the plasma NEFA concentration [μmol/L] at time t. The unit-less function h(t) which 
takes values between 0 and 1, is calculated by an equation which describes the inhibition 
of NEFA production as a proportion of the NEFA production which occurs when remote 
glucose is zero. The parameter Φ  [mmol/L] is a Michaelis Menten type affinity constant 
which modulates the extent to which remote glucose inhibits the provision of NEFA to 
the plasma pool. The initial remote glucose concentration, R(0)  is assumed to be zero 
and the initial NEFA concentration, NEFA0 [μmol/L] is the NEFA concentration 
measured at time zero, while NEFAEND [μmol/L] is the NEFA concentration measured at 
240 minutes. The two main parameters which can be obtained from this model are  
[μmol/L/min] and  [min-1].    is a parameter describing the rate of provision of 
NEFA to the plasma pool, and it must therefore represent a combination of the rate of 
lipolysis and the rate at which NEFA appear in blood as a result of intestinal absorption;  
 is a fractional rate constant which describes the rate at which NEFA leaves the 
plasma pool, and  must therefore represent both oxidation of fatty acids, the 
sequestration of fatty acids into adipose tissue and the uptake of fatty acids by the 
mammary gland for the production of milk fat.   
FFAS
FFAK
FFAK
FFAS
FFAK
 
8.3.2 Experimental Data 
The experimental data used to evaluate this model were the same as those used to 
evaluate the Thomaseth model (Moate et al. 2007). Briefly, ten multiparous Holstein-
Friesian dairy cows (4.6 ± 1.43 yr; 539 ± 72.6 kg BW; mean ± SD) from two diverse 
genetic strains (North American; n=3 or New Zealand; n=7) and three feeding treatments 
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(a generous allowance of pasture + either 0, 3 or 6 kg concentrate DM/cow per d; n = 5, 3 
and 2 cows, respectively) and producing 31.9 ± 5.96 kg milk/d, 1.4 ± 0.19 kg fat/d, 1.1 ± 
0.20 kg protein/d and 1.6 ± 0.28 kg lactose/d (4.46 ± 0.655, 3.43 ± 0.094 and 4.87 ± 
0.115% fat, protein and lactose, respectively) were subjected to a standard IVGTT 
without exogenous insulin. The cows were in early lactation (35 ± 2.3 DIM) and were 
intentionally selected for a diversity of origin and nutrition treatments to ensure as far as 
possible, a diverse range of NEFA responses. 
  
Indwelling catheters were placed in the left jugular vein of each cow 24 h before the 
IVGTT, and cows were fasted for 12 h before glucose infusion. Glucose (300 mg/kg BW) 
was infused via the left jugular vein into each cow over a two minute period and the line 
was flushed with saline solution.  Blood samples from each cow were withdrawn five 
min before (-5 min) and immediately prior to (0 min) glucose infusion. Further samples 
were collected at 2, 4, 6, 8, 10, 12, 15, 18, 20, 23, 26, 30, 35, 40, 50, 60, 90, 120, 150, 
180, 210 and 240 minutes relative to the time of infusion. Blood was collected in 10ml 
heparin-coated blood tubes (100 IU heparin/ml blood), centrifuged (1120 × g, 10 min, 
4°C), plasma extracted and frozen awaiting analysis for glucose and NEFA. Analyses for 
NEFA (colorimetric method) and glucose (hexakinase method) were performed on a 
Hitachi 717 analyzer (Roche, Basel, Switzerland) at 30°C by Alpha Scientific Ltd., 
Hamilton. The inter- and intra-assay CV was <2%.  
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8.3.3 Model Fitting  
The model was implemented using WinSAAM (http://www.winsaam.org) and the model 
was fitted to the NEFA and glucose data using generalized least squares (Stefanovski, et 
al., 2003). In fitting the model to the data, Gb and NEFAb were fixed at the time zero 
values for plasma glucose and NEFA respectively. The five adjustable variables in the 
model were:κ , , ,   gs and FFAS FFAK Φ .  
 
8.4 Results and Discussion 
Our objective was to develop a novel ‘minimal model’ for NEFA kinetics, which is 
consistent with physiological processes, and is capable of accurately describing all of the 
dynamic features present in the NEFA response to an IVGTT in dairy cows. The reported 
model is truly ‘minimal’ in that it employs a minimal number of compartments and 
parameters (the principal of parsimony), to describe the dynamic NEFA response to an 
IVGTT.  This feature distinguishes it from the model described by Roy and Parker 
(2006), who’s model added five additional compartments, four additional differential 
equations and eight additional rate constants to the Bergman minimal model. 
 
The Boston model is novel in that it employs a ‘remote’ or inaccessible glucose 
compartment as a driver of NEFA kinetics, in comparison to the Thomaseth model which 
utilizes plasma insulin. Furthermore, the Boston model was able to accurately describe 
the plasma NEFA response up to 240 minutes following a glucose challenge in all ten of 
the cow data sets that were examined. In comparison, the Thomaseth model, when 
applied to the same datasets, failed to describe the supra-basal NEFA concentrations 
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observed after approximately 150 minutes (Moate et al. 2007). Figure 8.2 presents a 
typical example of how well the model predicts the NEFA response to an IVGTT 
challenge.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2. A typical example of plasma glucose data (boxes), plasma NEFA data (dots), 
model predictions of plasma NEFA (solid line) and remote glucose, R(t) (dotted line) for 
an individual cow. The parameter estimates (± % coefficient of variation) for this cow 
are: κ = 0.0289 (± 5.84) [min-1], SFFA = 151.4 (±10.77) [μmol/L/min], KFFA = 0.171 (± 
9.43) [min-1], gs = 3.98 (± 3.824) [mmol/L], NEFA0 = 450 [μmol/L], NEFAEND = 910 
[μmol/L], Gb = 3.9 [mmol/L], Φ  = 0.65 (± 0.051) [mmol/L].   
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Table 8.1 presents the best fit mean estimates of the model parameters for lactating dairy 
cows. 
Table 8.1. Parameter estimates for the model of NEFA kinetics in lactating dairy cows 
subjected to an intravenous glucose tolerance test. 
 
Parameter Mean   ± STD Median Minimum Maximum κ [min-1] 0.049 ± 0.026 0.038 0.026 0.105 
SFFA [μmol/L/min] 207 ± 78 202 113 368 
KFFA [min-1] 0.148 ±0.046 0.145 0.081 0.258 
gs [mmol/L] 3.35 ±0.54 3.29 2.49 4.11 Φ  [mmol/L ] 0.766 ± 0.270 0.72 0.36 1.32 
Gb [mmol/L] 3.36 ± 0.327 3.30 2.90 3.90 
NEFA0 [μmol/L]   909± 532 800 330 1820 
NEFAEND [μmol/L]   1441± 519 1390 850 2200 
 
 
The Boston model has a number of compelling features. It can describe the general shape 
of all of the NEFA response curves that we have examined (Figure 8.2). It can describe 
the initial latency period apparent in some particular datasets (see Figure 8.2), whereas, 
the Thomaseth model is unable to describe this latency phase. The presence of a latency 
phase in the NEFA response of some individuals has previously been reported in humans 
(Sumner et al. 2004) and dairy cows (Moate et al. 2007). There is a sound physiological 
reason for the observed latency period, and a model’s ability to accurately account for it 
is important. Failure of the Thomaseth model to account for this latency period is likely 
to cause inaccurate estimation of KFFA.  
 
The Boston model can, in all cases, describe the initial down-slope which reflects the rate 
of removal of NEFA, and it can well describe the extended nadir which occurs in some 
instances (see Figure 8.2). Furthermore, it can well describe the rebound phase in NEFA 
kinetics, especially the supra-basal plateau which in some cases is more than three times 
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the basal NEFA concentration. This capability is in contrast to the Thomaseth model 
which predicts that NEFA concentrations can only rebound as high as the initial basal 
NEFA concentration. Although able to describe this supra initial NEFA concentration, 
one limitation of the model is that it predicts that NEFA concentrations remain 
indefinitely at this plateau concentration equivalent to SFFA /KFFA. Thus, an assumption 
inherent in this model is that the plateau NEFA concentration (NEFAEND) is more 
representative than NEFA0 of the true ‘steady state’ concentration of NEFA. In support of 
this contention, it can be seen in Figure 8.2 that for the first 10 minutes after the glucose 
challenge, the plasma NEFA concentration was rising steeply demonstrating that at time 
zero, this cow was not in steady state with respect to NEFA. This situation was also the 
case for several other cows in the investigation. In most compartmental models that 
describe the homeostatic mechanisms controlling physiological systems, the challenged 
system eventually returns to basal conditions. However, in the case of the glucose 
challenge, although plasma concentrations of glucose and insulin usually return to basal 
concentrations within four hours, the concentration of NEFA may remain at a supra 
initial NEFA concentrations. Indeed, since the protocol for an IVGTT specifies that the 
test subject should be fasted for 12 hours prior to the challenge and for the duration of the 
challenge, it is not certain that in dairy cows, NEFA concentrations would return to the 
pre-challenge basal concentration.  In support of this possibility, Oikawa and Oetzel 
(2006) showed in dairy cows that plasma NEFA concentrations more than doubled in 
response to 24 hours of fasting. Further research is needed to elucidate the detailed 
pattern of the NEFA concentrations out to 24 hours. 
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The Boston model provides three parameters (KFFA, SFFA and gs) to quantify NEFA 
metabolism (Table 8.1). Usually, in the scientific literature, only limited analysis has 
been carried out of NEFA response curves to IVGTT, and this largely prevents a detailed 
comparison of values of kinetic parameters obtained from the Boston model with those 
obtained by others. Nevertheless, in the lactating cows in this investigation, KFFA, the 
mean fractional rate of utilization of NEFA, was 0.148 ±0.046 [min-1], and this value is 
similar to the value of 0.10 ±0.04 reported for non-lactating women (Sumner et al. 2004), 
but substantially higher than the median value of 0.05 for non-lactating women, reported 
by Thomaseth and Pavan (2003). We estimate that the mean rate of provision of fatty 
acids to the plasma pool was 207 ± 78 [μmol/L/min]. In comparison, Dunshea et al, 
(1989) using a tracer technique in lactating goats, reported a mean NEFA ‘rate of entry’ 
of 345 umol/kg/h. Assuming that goats have 50 ml of plasma per kg of bodyweight, this 
equates to 115 umol/l/min.  McNamara and Valdez (2005) incubated bovine adipose 
tissue in vitro and reported glycerol release rates of between 200 and 900 nmol/g of tissue 
/2 hours. Again, assuming a plasma equivalent volume of 50 ml per kg of tissue weight, 
this equates to a NEFA release rate (i. e. lipolysis rate) of between approximately 90 and 
405 μmol/L/min. From the median KFFA and the NEFA0 reported by Thomaseth and 
Pavan (2003), the rate of provision of NEFA to the non-lactating women in their 
investigation can be estimated to have been approximately 35 μmol/L/min. In contrast, in 
King penguins, an animal that during long periods of fasting must rely on extensive 
mobilization of stored body fat, the rate of entry of NEFA has been estimated at  
approximately 30 μmol/kg/min or 600 μmol/L/min  (Bernard et al. 2003). Thus our 
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estimate of the rate of entry or the rate of provision of NEFA is consistent with data from 
the scientific literature.  
 
Figure 8.3, depicts three diverse examples showing typical goodness of fit of model 
predictions to plasma NEFA data.  
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Figure 8.3. Three examples showing typical goodness of fit of model predictions to 
plasma NEFA data. 
 
 
All of the parameters of the model were well identified and there were no problems with 
estimating these parameters. For each individual cow, all parameters had coefficients of 
variation of less than15% of the corresponding estimated parameter value. Overall, 80% 
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of parameters had coefficients of variation less than 10% of their estimated parameter 
value. The model was able to be fitted to all datasets examined. In 9 out of 10 cases the 
R2 values were in excess of 0.98 and the RMSE when expressed as a % of NEFAEND  
(RMSE%), were all less than 6%. In the worst fitted case, the R2 was 0.96 and the 
RMSE% was 8%.  
 
The model was robust in terms of ease of estimating parameters. For example, for an 
individual cow’s data, even when initial estimates of all model parameters were set at 
either one fifth of their final value, or five times their final value, the model would 
essentially converge on practically identical estimates of all parameters. 
 
The Boston model relies on a concept of a pool of remote glucose which can inhibit the 
provision of NEFA to the plasma pool. There are considerable data in the scientific 
literature which support the theory that when insulin concentrations within the adipose 
cells are elevated, then the action of hormone sensitive lipase (HSL) is reduced and 
lipolysis inhibited (Ferrannini et al 1995). Furthermore, when plasma concentrations of 
insulin are elevated at the luminal surface of capillaries feeding adipocytes, the action of 
lipoprotein lipase (LPL) is enhanced resulting in a net increase in the flux of NEFA out of 
blood into the adipocyte (Frayn et al. 1995). We consider that elevated levels of remote 
glucose may be a proxy for elevated concentrations of insulin within the adipose cells and 
within the capillaries feeding the adipocytes, and this could account for the precipitous 
decline that occurs in plasma NEFA concentrations soon after the administration of the 
glucose challenge. Alternatively, there is evidence that elevated glucose concentration 
per se can inhibit lipolysis within adipose tissue (Park et al. 1990). 
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As well as elevated concentrations of insulin in plasma, an IVGTT is well known to 
trigger an extensive cascade of metabolite and hormonal regulatory and counter-
regulatory responses. In addition to NEFA, some significant responses occur in glucagon, 
glycerol and triglycerides (Sechen et al. 1989; Lemsoquet et al. 1997; Kerr et al. 1989). 
Besides insulin, the important hormonal responses include HSL, LPL, epinephrine, 
cortisol and growth hormone (Ferrannini et al 1995; Sechen et al. 1989). Some of these 
hormones almost certainly influence either all or specific phases of the NEFA response to 
a glucose challenge. However, rather than arbitrarily cherry pick from this extensive 
group of hormones, a single hormone to act as driver for the NEFA kinetic model, we 
considered that it would be more logical to utilize the plasma glucose concentration per 
se, since, in the IVGTT, it is the plasma glucose signal which triggers the cascade of all 
the other hormones. The use of elevated ‘remote’ glucose to inhibit NEFA provision to 
the plasma pool, is perhaps the first time that the concepts inherent in the Randle’s 
Glucose Fatty Acid cycle (Randle et al. 1963), have been directly employed in a whole-
body dynamic model of NEFA kinetics. 
  
The fact that the Boston model utilizes plasma glucose data instead of plasma insulin data 
to drive the prediction of plasma NEFA concentrations has practical relevance because 
the measurement of plasma glucose is much simpler and much less expensive than the 
measurement of plasma insulin. 
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Ascertaining accurate absolute estimates for whole body rates of NEFA production and 
utilization is a difficult undertaking and in the current work, without a ‘gold’ standard, it 
is not possible to say if the Boston model produced accurate estimates for these 
processes. Nevertheless, even without this type of validation, the Boston model can 
provide relative estimates of NEFA production and utilization and could be used to 
compare the effects of treatments over time within subjects or between subjects. 
 
Recently, Boston et al.(2006) pointed out that the insulin response of lactating dairy cows 
to an IVGTT is remarkably similar to that which occurs in humans and that the 
parameters of the glucose (Bergman) Minimal Model measured in dairy cows are of 
similar magnitude to those measured in humans. It has not escaped our attention that the 
profile of the NEFA response to an IVGTT in dairy cows (Moate et al. 2007), is also 
remarkably similar to that obtained in humans (Sumner et al. 2004).  These surprisingly 
similar responses in two quite different species indicate that the IVGTT is able to expose 
fundamental attributes of the system of energy metabolism in these species. The 
consequences of this similarity are that lessons learned from the elucidation of energy 
metabolism in humans may have some applications in ruminants and that ruminants may 
be useful models for elucidating energy metabolism in humans (Allen et al. 2005). It is 
therefore appropriate to speculate that although the Boston NEFA model was developed 
primarily for use in lactating dairy cows, it may also have application in humans in the 
elucidation of disordered glucose and NEFA metabolism that occurs in diabetes, 
metabolic syndrome and obesity.   
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8.5 Conclusions 
We have presented a novel compartmental model to describe NEFA kinetics in lactating 
cows. The model was consistent with physiological processes, it described all of the 
major features of the NEFA response to an IVGTT and it provided a number of 
parameters that can be used to quantify NEFA production and utilization. All parameters 
were well identified and for individual animals, parameters usually had coefficients of 
variation less than 10 percent of the estimated parameter values. It is concluded that this 
model is suitable for describing NEFA kinetics in lactating dairy cows. Further research 
is foreshadowed in which stage of lactation, genetic production potential and nutritional 
status are examined for their effects on the parameters of the model.  
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Chapter 9 
 
General Discussion and Conclusions. 
 
 
 
9.1 Findings of this Research 
After having conducted the research detailed in this thesis, the question naturally arises:  
‘From both a philosophical and scientific point of view, what has been learned?’ In a 
general sense, this thesis used modeling as a tool to uncover secrets about the system 
controlling the ruminal transformations, intestinal absorption and metabolism of fatty 
acids in dairy cows. In Chapter 1, Wastney et al’s (1999) thirteen steps of modeling are 
presented.  One would normally consider that thirteen steps should provide sufficient 
guidance to those researchers posing the question: “How do I build a model?” With the 
experience and hindsight gained from conducting the work of this thesis, comes the 
recognition that although modeling does involve these thirteen steps, modeling is not 
about following these steps as one would follow a recipe. Instead of considering what 
constitutes modeling, one should consider what the characteristics of a modeler are. 
Again, from the vantage point of hindsight, a modeler of biological systems must have 
the following four characteristics, attributes or abilities: 
• A broad and sometimes detailed knowledge of biology, chemistry, physics, 
physiology and mathematics, 
• An ability to conceptualize the principal features and processes of a system, 
• An ability to recognize patterns in data, 
• An ability to transfer patterns in data into mathematical expressions
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Thus, when faced with the problem of building a model to describe a biological system, a 
researcher should not ask: “How do I build a model?” 
     But:  “How do I become a modeler?” 
The answer to the later question is by doing and learning those things that foster all of the 
abilities mentioned above. Thus, the work of this thesis has helped develop in the author 
a mindset and skill-set that facilitates the solving of scientific problems by means of 
modeling. 
  
The principal scientific lessons learned from the work of this thesis are concerned with 
the outcomes of the six hypotheses posed in Chapter 1. 
 
9.1.1  Hypothesis 1 
The first hypothesis of this thesis stated in Chapter 1, was that a static model involving 
parameters to describe ruminal lipolysis, ruminal BH of LCFA and de novo production of 
fatty acids, can predict the duodenal flow of individual LCFA. The findings of the 
research described in Chapter 2 and summarized succinctly in Table 2.7, are the main 
evidence to support the acceptance of this hypothesis.   
 
Until the work described in Chapter 2, there was a scarcity of estimated rates of in vivo 
ruminal lipolysis. This situation has been somewhat ameliorated because work described 
in this thesis has enabled estimation and for the first time, the publication of rates of 
ruminal lipolysis of fat in 25 common dairy feeds (see Table 3.1). Similarly, the scientific 
literature contains few estimates of the in vivo rates of ruminal BH of unsaturated LCFA. 
 268
  
Studies described in Chapter 2 addressed this problem by derivation of equation numbers 
12 – 16 to describe rates of BH of C16:1, C18:1trans, C18:1cis, C18:2 and C18:3 
respectively. As far as the author can ascertain, there were no previously reported 
equations in the scientific literature to describe the ruminal de novo production of LCFA. 
Equations 17 – 20 in Chapter 2 now enable estimation of the daily ruminal de novo 
production of C16:0, C16:1, C18:0 and ‘Other’ fatty acids respectively. These findings 
together constitute a significant advance in the knowledge of ruminal metabolism of 
LCFA. 
 
9.1.2 Hypothesis 2 
The second hypothesis of this thesis was that simple absorption coefficients can be used 
to predict the apparent intestinal absorption of individual LCFA. The research described 
in Chapter 2 enabled estimation of the intestinal absorption coefficients for the major 
individual LCFA (see Table 2.5). These absorption coefficients were perhaps not as 
simple as first envisaged, because the work described in Chapter 2 elucidated the fact that 
absorption coefficients were required to describe the apparent intestinal absorption of 
individual free LCFA and separate absorption coefficients to describe the absorption of 
rumen ‘by-pass’ fatty acids. The concept underpinning the term ‘by-pass’ fatty acids is 
that this term describes fatty acids that pass out of the rumen in an esterified form or at 
least in a form that renders them generally less susceptible to intestinal absorption 
compared to the corresponding free fatty acids. In Chapter 2, a comparison of the model’s 
predictions with measured data on the apparent absorption of individual LCFA validated 
the absorption sub-model, thereby providing reason for accepting hypothesis 2. Further 
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validation of the fat absorption sub model was presented in Chapter 3. Although the 
validation exercise in Chapter 3 was not focused on the prediction of the absorption of 
individual LCFA, it did show that that the absorption sub-model was accurate in an 
overall sense in that the model’s predictions regarding the apparent absorption of total 
LCFA from diets are concordant with measured experimental data. The integration of a 
large amount of data into a model to describe the intestinal absorption of 10 major 
individual fatty acids constitutes a major advancement in this area since it provides a 
basis for modeling the transfer of absorbed fatty to the mammary gland. 
 
9.1.3 Hypothesis 3 
The third hypothesis was that rates of ruminal lipolysis and BH of LCFA, estimated from 
in vitro data by means of a dynamic scientific model, are consistent with rates of lipolysis 
and BH estimated from in vivo data. The discussion section of Chapter 4 highlighted the 
lack of extensive documentation of either in vivo or in vitro rates of ruminal lipolysis and 
BH. Nevertheless, as discussed in Chapter 4, rates of lipolysis and BH as estimated by 
means of a dynamic, non-linear compartmental model, were consistent with the few 
estimates that have been previously documented. From the work described in Chapter 2, 
the estimate for the in vivo lipolysis rate of sunflower oil of 52%/h is consistent with our 
findings in Chapter 4 and also consistent with the findings of Beam et al. (2000). 
Furthermore, the estimate of 52%/h lipolysis rate for sunflower is also consistent with the 
magnitude of the lipolysis rate constant (nine times the estimated rate of passage, or 
approximately 54%/h) assumed in the rumen lipid model of Dijkstra et al. (2000). 
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In Chapter 4, the Michaelis-Menten estimates for the rate constants describing the in vitro 
BH of unsaturated LCFA are difficult to compare directly with the few first order BH rate 
constants that have previously been documented in the scientific literature. Nevertheless, 
the relative rankings of the magnitudes of these in vitro rate constants for the stepwise 
BH of different isomers of octadecadienoic and octadecenoic acids are consistent with the 
estimates for the corresponding in vivo estimates documented in Chapter 2. All of these 
findings indicate that hypothesis 3 cannot be rejected.  
 
9.1.4 Hypothesis 4 
The fourth hypothesis was that the amounts of individual LCFA predicted to be absorbed 
from the intestine can be employed to predict the production of individual fatty acids in 
milk. Two lines of evidence support this hypothesis. First, the findings concerning the 
transfer to the mammary gland of abomasally infused 13C labelled vaccenic acid and the 
appearance in milk of 13C labelled vaccenic acid and 13C labelled cis-9, trans-11, CLA 
(see Appendix 1). The second line of evidence, which is presented in Chapter 6, is the 26 
equations developed to describe production of individual fatty acids in milk. These two 
lines of evidence indicate that at the present time, hypothesis 4 cannot be rejected. At the 
same time, the equations presented in Chapter 6 have as yet, not been validated with an 
independent ‘validation’ dataset. 
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9.1.5 Hypothesis 5 
The fifth hypothesis of this thesis was that the dynamic kinetic model developed by 
Thomaseth and Pavan (2003), which employs plasma concentrations of glucose, insulin 
and NEFA apropos the IVGTT, can be employed to accurately describe NEFA kinetics in 
lactating dairy cows. As presented in Chapter 7, the Thomaseth model was implemented 
in WinSAAM and data from 10 lactating cows were used to evaluate the model’s 
predictions. It was concluded that the Thomaseth model was unsuitable for describing 
NEFA kinetics in lactating cows and consequently hypothesis 5 is rejected.  
 
9.1.6 Hypothesis 6 
The sixth and final hypothesis of this thesis was that plasma concentrations of glucose 
apropos the IVGTT can be employed to help predict NEFA kinetics in lactating dairy 
cows. The findings described in Chapter 8 indicate that plasma glucose concentrations 
can indeed be used as a principle driver in a non-linear compartmental model to predict 
NEFA kinetics. Thus, hypothesis 6 cannot be rejected. Nevertheless, the NEFA kinetic 
model described in Chapter 8 was developed using data from just 10 different dairy cows 
of different genotypes and these cows had been fed different diets. For these reasons 
further validation work on the NEFA kinetic model is foreshadowed.  
 
9.2 Application and Implications of this Research 
9.2.1 The Fat Sub-Model 
As of August 2007, of the research involved in this thesis, only the Fat Sub-model as 
described in Chapter 2, has been incorporated into CPM-Dairy versions 3.01 - 3.0.8. By 
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entering a user defined dairy cow ration, and selecting the fatty acids toolbar, a user can 
obtain reports which itemize for each feed, the predicted amounts (g/d) of 10 major 
individual fatty acids that are lipolyzed in the rumen, pass to the duodenum, are absorbed 
from the intestine or pass to the feces. A ‘Digestibility’ report tabulates the predicted 
digestibility % of each of the major individual fatty acids. A “Summary” report tabulates 
for the complete diet, the predicted amounts (g/d) of the intake of the 10 major individual 
LCFA and of total fatty acids, the quantities of each predicted to be lipolysed in the 
rumen, flow to the duodenum, absorbed in the intestine and pass to feces (see Figure 9.1). 
To the author’s knowledge, this is the only ruminant nutrition model with these 
capabilities. The fat sub-model is necessarily influencing the ration formulation for many 
cows because the CPM-Dairy program is used by over two thousand dairy cow 
nutritionists, advisors and researchers throughout the world (E. A. Janczewski, pers. 
comm.), Further, at the time of writing (August 2007), the fat sub-model has also been 
incorporated into some test versions of the Dalex dairy-cow ration formulation program 
(C. L. Alexander, pers. comm.) The Dalex program (www.Dalex.com) is used by over 
2000 dairy cow nutritionists in the United States. Consequently, it is likely that the fat 
sub-model will be employed to formulate rations for many more cows. 
 
Previously, the CNCPS and CPM-Dairy models used a coefficient of 95.5% to describe 
the efficiency of intestinal absorption of ether extract (Sniffen et al. 1992). An important 
finding of this thesis is that the typical digestibility of total fatty acids in most fat 
supplements is approximately 75% (see Chapter 2 and Chapter 3).  
  
 
 
Figure 9.1 Screen view from CPM-Dairy (v3.08) showing the Ration screen and the Fatty Acids Summary report.
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CPM-Dairy now accurately represents absorption of LCFA, therefore users of CPM-
Dairy can have greater confidence in the accuracy of predictions by CPM-Dairy of the 
amount of metabolizable energy available for milk production. 
 
9.2.2 Prediction of Production of Individual Milk Fatty Acids 
There is currently considerable interest in the potential for dietary manipulation to alter 
the fatty acid composition of milk with the intention of enhancing the concentrations of 
specific desirable fatty acids in milk. Equations are presented in Chapter 6 that utilize 
dietary constituents and other factors to predict daily production of 26 of the major milk 
fatty acids. The findings of Chapter 6 confirm that there is considerable potential to fine 
tune diets so as to achieve this objective. However, as shown in Chapter 6, the 
multiplicity of factors that influence production of specific fatty acids in milk suggests 
that a modeling program will almost certainly be required to devise cost-effective 
appropriate diets. The findings from Chapter 6 demonstrate that production of many 
individual fatty acids can be predicted with a reasonable degree of accuracy but that 
prediction of production of some specific fatty acids is less accurate. Perhaps the greatest 
contribution from this thesis is that it may give other researchers confidence to proceed 
with this direction of research knowing that accurate predictions of the production of 
individual fatty acids are possible.  
 
9.2.3 Low Milk Fat Syndrome 
As stated in Chapter 1, low milk fat syndrome has been a focus of dairy research for 
many years (Davis and Brown, 1970). The fat sub-model presented in Chapter 2 and the 
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equations in Chapter 6 which predict production of 26 individual milk fatty acids, 
together provide a useful tool for researching this problem. 
 
9.2.4 Kinetics of Ruminal Lipolysis and Biohydrogenation of LCFA 
Hitherto, most researchers have employed either simple zero-order or first order kinetics 
to describe rates of ruminal lipolysis and BH of LCFA. These mathematical 
conceptualizations have, to some extent, inhibited progress in understanding these 
processes. The findings in Chapter 4 demonstrate conclusively that in vitro ruminal 
lipolysis and BH can be accurately described by a set of non-linear differential equations 
and that these equations mainly take the form of Michaelis-Menten kinetics and kinetics 
exhibiting the presence of inhibitory factors. The kinetic model of lipolysis and BH 
presented in this thesis points the way forward for progress in understanding the complex 
nature of these processes. The greatest potential significance of the model to describe the 
in vitro lipolysis and BH of LCFA is, that it may encourage researchers in this area to 
analyze their data using mechanistically-appropriate dynamic models rather than simple 
zero-order or first-order kinetic models.  
 
9.2.5 NEFA Kinetics in Cows and People 
Elucidation of the contribution of LCFA derived from lipolysis of adipose tissue, to the 
production of milk fatty acids, has been hindered by the absence of a simple, inexpensive 
technique for estimating the rate of lipolysis. The work described in Chapters 7 and 8 
culminated in the presentation of a novel model to describe NEFA kinetics in lactating 
dairy cows. A parameter in this new model (SFFA), is considered to provide a measure of 
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the rate of lipolysis of adipose tissue. Therefore, it is expected that this new model may 
have an important role to play in future research programs in this area. Perhaps the prime 
importance for this research is in application to human health problems such as diabetes, 
and metabolic syndrome. 
 
9.3 Future Research Directions 
The modeling carried out in this thesis addressed many aspects of the conceptual model 
depicted in Figure 1.3. However there are still many important aspects that have not been 
addressed. The following sections suggest where the fat sub-model in CPM-Dairy and the 
milk fatty acid model could be extended. Further, a number of research issues are 
identified from insights gained from the various types of modeling carried out in this 
thesis. 
 
9.3.1 Validation of Equations in the Milk Fatty Acid model 
An obvious area of research is the validation of the equations in the milk fatty acid 
model. This task must necessarily await publication of sufficient data to make this 
feasible. At the present rate of publication, it is estimated that this will be achievable in 
about three years. Once this is done, the milk fatty acid model could be entered into 
CPM-Dairy. 
 
9.3.2  Estimating Rates of Ruminal Lipolysis of Fat in Various Feeds 
The fat sub-model presented in Chapter 2 has been successfully incorporated into CPM-
Dairy, but this has introduced a new problem: how to assign lipolysis rate constants to the 
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fat in new feeds that are to be incorporated into the CPM-Dairy feed dictionary. Clearly, 
a simple laboratory technique needs to be developed in which feeds can be tested and an 
accurate estimate of the potential rate of ruminal lipolysis determined. 
 
9.3.3 Including Fish Oil Fatty Acids in the Fat Sub-Model 
The fat sub-model describes 10 major fatty acids in common dairy feeds. However, much 
recent interest has focused on feeding dairy cows fish-oil fatty acids. It is intended that in 
on-going modeling work at the University of Pennsylvania, the major fish-oil fatty acids 
(C20:0 Arachidic acid; C20:5 EPA and C22:6 DHA) will be included in the CPM-Dairy 
feed dictionary. There is little consensus in the scientific literature regarding quantitative 
aspects of ruminal lipolysis of fish-oil and ruminal BH of EPA and DHA. At the time of 
writing, these matters were being investigated at the University of Pennsylvania and 
elsewhere. 
 
9.3.4 Fat and Fibre Interactions in the Rumen 
It is widely recognized that excessive intake of fat, especially fat containing unsaturated 
fatty acids can disrupt fibre digestion in the rumen and thereby lead to decreased dry 
matter intake and decreased milk production (Jenkins 1993; Pantoja et al. 1994). The fat 
sub-model in CPM-Dairy provides an estimate of the amounts of unsaturated fatty acids 
that flow out of the rumen. This should provide a convenient tool for researchers who 
seek to quantify the relationship between levels of ruminal unsaturated fatty acids and the 
extent of ruminal fibre digestion. 
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9.3.5 Monensin and Milk Fat 
It has long been known that intra-ruminal administration of monensin consistently results 
in increased production of milk, but the milk has a slightly depressed fat test (Moate et al. 
1990). However, the effect of monensin on the concentration of specific milk fatty acids 
is unclear (Dhiman et al. 1999; AlZahal et al. 2006; Eiffert et al. 2006). With the recent 
FDA approval of monensin for inclusion in dairy cow diets, it would seem prima facie 
that a laudable goal would be to include in CPM-Dairy and CNCPS, a mechanistic 
description of how dietary monensin leads to increased milk production but slightly 
depressed milk fat test. Currently, in the ‘Management tool bar’ of CPM-Dairy, there is 
an option to select or exclude ionophore from the cow’s diet. If ionophore is selected, 
CPM-Dairy assumes that the maintenance energy requirement of the cow is reduced, and 
this saved energy is available to support milk production. While this strategy can account 
for increased milk production that generally occurs when monensin is included in diets, it 
is unlikely to reflect the mechanism that caused increased milk production. It is likely 
most researchers of ruminant nutrition would consider that the underlying mechanism for 
monensin mediated increased milk production and decreased fat test is probably related 
to some effect within the rumen. Monensin has many physical, chemical and biological 
effects within the rumen (Deswysen et at. 1987; Moate et al. 2000; Russell 1987; 
Schelling 1984). Thus the choice of how to mechanistically model the main ruminal 
effects of monensin remains a challenge, and until there is progress in this field, it is 
unlikely that a model will be able to predict how dietary monensin influences the 
production of individual fatty acids in milk. 
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9.3.6 Ruminal Biohydrogenation 
One interesting aspect of ruminal BH is that under some circumstances, high 
concentrations of vaccenic acid may occur in the rumen (Kalscheur et al. 1997). As can 
be inferred from Appendix 1 and Chapter 6, ruminal production of vaccenic acid has 
considerable implications for production of vaccenic and cis-9, trans-11 linoleic acids in 
milk. The dynamic non-linear modeling of BH of unsaturated fatty acids as described in 
Chapter 4 suggests that at high concentrations, vaccenic acid may inhibit its own BH. The 
scientific literature appears not to contain accounts of experiments that have been 
designed to test this specific hypothesis.  
 
A second phenomenon revealed by the dynamic modeling in Chapter 4 is that when 
rumenic acid is derived from the lipolysis of trilinolein, the BH of rumenic acid proceeds 
at a much faster rate than when triglyceride is not present within the incubation medium. 
Although the presence of high concentrations of fat in an incubation medium is known to 
inhibit the ‘net’ BH of some unsaturated fatty acids (Beam et al. 2000), the modeling in 
Chapter 4 suggests a specific affect of triglyceride per se on the BH of rumenic acid. 
Further research to confirm the existence of these two phenomena is warranted. 
 
9.3.7 Enhancing the Concentration of cis-9, trans-11 Linoleic Acid in Milk 
The reputed health benefits of cis-9, trans-11 linoleic acid has encouraged research 
efforts into ways in which dietary manipulations may enhance the concentration of this 
fatty acid in milk. In Chapter 6, Equation 23a indicates that production of cis-9, trans-11 
linoleic acid is significantly (P < 0.05) enhanced when high levels of buffer are included 
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in diets, and significantly decreased when high levels of magnesium oxide are included in 
diets. These associations appear not to have been previously documented in the scientific 
literature. Many factors were involved in the diets used for the investigation detailed in 
Chapter 6. Associations such as these, identified by multiple linear regression, do not 
necessarily translate to a cause and an effect. Nevertheless, these intriguing findings 
certainly warrant further research to reveal possible underlying mechanisms. In addition, 
if the effects of buffer and of magnesium oxide on the production of cis-9, trans-11 
linoleic acid in milk can be confirmed, this could have some immediate consequences for 
diet formulation. 
  
9.3.8 NEFA Kinetic Model  
The NEFA kinetic model presented in Chapter 8 has wide ranging potential for use in 
dairy nutrition research. Possible applications of this model include investigations to 
quantify variation in lipolysis rates of adipose tissue at different stages of lactation, the 
involvement of lipolysis in the etiology of fatty liver syndrome, and the influence of 
various dietary and other treatments such as hormones, on the rates of lipolysis of adipose 
tissue. In human health research, the NEFA model may have many useful applications 
including the quantification of rates of lipolysis in people with insulin resistance. 
9.4 Conclusions  
Before the work in this thesis, the fat model in CPM-Dairy and CNCPS was based on 
ether extract. There was no feed dictionary in existence containing a list of fatty acid 
profiles of common dairy feeds. There was no static ‘production’ model to describe 
ruminal lipolysis and BH of LCFA and intestinal absorption of the major LCFA. This 
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inhibited the possible development of a model to describe the incorporation of LCFA into 
milk. The static model described in Chapter 2 provides a simple but accurate depiction of 
ruminal lipolysis, BH of LCFA, ruminal de novo production of LCFA and intestinal 
absorption of 10 of the major LCFA. The fat sub-model provides the possibility of further 
advances because the amounts of the 10 major LCFA predicted to be absorbed from the 
intestine can now be used, as is shown in Chapter 6, to predict production in milk of 26 of 
the major LCFA. 
 
The limitations of the modeling approach as described in this thesis relate to a prime 
limitation of models, which at best, are only as good as the data from which they are 
derived. This thesis highlighted that despite much published research in the scientific 
literature, there is still a dearth of data that is suitable for modeling purposes. In 
particular, this thesis highlighted the paucity of data on rates of ruminal lipolysis, rates of 
ruminal BH, and intestinal absorption coefficients for individual LCFA, particularly for 
positional isomers of unsaturated LCFA. There is also an almost complete absence of 
data relating to mammary transfer coefficients of absorbed LCFA and rates of lipolysis of 
adipose tissue. This problem has arisen because researchers have often focused on 
specific scientific questions and when reporting findings, have not included sufficient 
subsidiary data to allow their findings to be used for modeling purposes. This problem 
equally concerns data required for static or dynamic models. One way to avoid this 
problem is for modelers to become involved not just in during the analysis stage of such 
experiments, but also during the planning stages. 
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In Chapter 1 and elsewhere in this thesis the term ‘validation’ has been used in a 
statistical sense regarding whether or not a model’s predictions regarding a variable of 
interest, based on an independent data-set, are concordant with actual measured data. 
Model building is however, somewhat similar to computer software construction, and in 
the latter field, the terms ‘validation’ and ‘verification’ have slightly different 
connotations. In the latter context, Boehm (1981) defines these terms thus: 
Verification: To establish the truth of correspondence between software product 
and its specification (from Latin veritas ‘truth’) 
Validation: To establish the fitness or worth of a software product for its 
operational mission (from the Latin valere, “to be worth”). 
 
Boehm (1981) points out that these definitions can informally be translated as: 
Verification: “Are we building the product right?” 
Validation: “Are we building the right product?” 
 
If these last two questions are applied to the modeling presented in this thesis, the 
extensive statistical validation documented support the conclusion that the product has 
indeed been built right. With regard to the second philosophical question relating to 
whether or not the right product is being built, the mix of static and dynamic modeling 
means that the findings of this thesis can be applied to both ‘Production’ and ‘Scientific’ 
models. In conclusion, the findings of this thesis have made a significant contribution to 
elucidating the principles underlying the system controlling the ruminal transformations, 
intestinal absorption, metabolism and the production in milk of major LCFA. 
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Vaccenic Acid in Lactating Dairy Cattle1,2
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ABSTRACT The utilization of 13C-labeled vaccenic acid (VA) by lactating dairy cows to synthesize cis-9, trans-11
conjugated linoleic acid (CLA) was investigated. Primiparous ruminally cannulated Holstein cows (n ¼ 3) were
abomasally infused with 1.5 g of VA-1-13C. Blood andmilk samples were taken frequently before and after VA infusion.
Milk and plasma lipid were extracted using chloroform:methanol. Plasma lipid was separated into triacylglycerol (TG),
cholesterol ester (CE), phospholipid (PL), nonesteriﬁed fatty acid (NEFA), and mono- and diacylglycerol (MDG)
fractions. Lipid was methylated, converted to dimethyl disulﬁde and Diels-Alder adducts, and analyzed by GC-MS.
Increased enrichment of 13C was determined using a 2-sample t test for each sample time compared with 24 h, with
signiﬁcance declared at P, 0.05. Enrichment in milk fat VA was detected at 4 (3.0%), 8 (8.3%), 12 (4.1%), 16 (2.2%),
and 20 h (0.8%). Enrichment in VA was also detected in plasma TG, NEFA, PL, and MDG. Enrichment in milk fat cis-9,
trans-11 CLA, the D9-desaturase product of VA, was detected at 4 (2.6%), 8 (6.6%), 12 (3.4%), 16 (1.7%), and 24 h
(0.7%). Enrichment was not detected in cis-9, trans-11 CLA for any plasma lipid fraction. Modeling of the data showed
the exponential decay in 13C enrichment over time for both VA and cis-9, trans-11 CLA in milk fat. Conversion of dietary
VA to cis-9, trans-11 CLA endogenously was conﬁrmed with the mammary gland being the primary site of D9-
desaturase activity;;80% of milk fat cis-9, trans-11 CLA originated from VA. J. Nutr. 136: 570–575, 2006.
KEY WORDS:  vaccenic acid  cis-9, trans-11 conjugated linoleic acid  desaturase  milk fat
Ruminant products are an important source of conjugated
linoleic acids (CLA)4 in the human diet (1). Specific isomers of
CLA affect various biological processes in humans and other
animals. For example, the most abundant CLA isomer found in
milk fat, cis-9, trans-11 (2), is potentially beneficial to human
health (3). There are two sources for cis-9, trans-11 CLA syn-
thesis in ruminant animals: 1) the rumen via incomplete biohy-
drogenation of linoleic acid, and 2) desaturation of trans-11 18:1
(vaccenic acid; VA) by the D9-desaturase enzyme in animal
tissues (4). Synthesis via theD9-desaturase enzyme was shown to
be the primary source of cis-9, trans-11 CLA in milk fat (5).
Additionally, the desaturation of VA to cis-9, trans-11 CLA was
also shown to occur in humans (6) and rodents (7,8).
The majority of research examining the desaturation of VA
to cis-9, trans-11 CLA has not used chemical tracers to establish
conversion (5–8). In some instances (5,7,9), the D9-desaturase
enzyme was chemically inhibited. Other investigations utilized
quantification of the duodenal flow of VA and cis-9, trans-11
CLA to estimate the endogenous synthesis of cis-9, trans-11
CLA in milk (10,11). However, in one experiment (12) con-
sisting of one human male subject, tracer methodology was em-
ployed to allow for a direct measurement of the conversion of
VA to cis-9, trans-11 CLA in vivo.
Currently, there is limited information concerning the
modification of individual dietary fatty acids in vivo. The
objective of this experiment was to utilize 13C-labeled VA to
determine the endogenous synthesis of cis-9, trans-11 CLA
from VA by the D9-desaturase enzyme in lactating dairy cows.
The majority of cis-9, trans-11 CLA was hypothesized to be
made by the D9-desaturase enzyme from VA, with the synthesis
of cis-9, trans-11 CLA occurring in the mammary gland.
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MATERIALS AND METHODS
Animals, treatment, and sampling. The University of Idaho
Animal Care and Use Committee preapproved all of the procedures
involving cows. Primiparous ruminally cannulated Holstein cows (n 5
3; a mean of 371 6 54 d in milk) were housed in tie-stalls and
consumed their feed and water ad libitum (Table 1). Daily feed intake
and milk production were measured. Each cow was administered a
single bolus infusion of 1.5 g of vaccenic-1-13C acid (Isotec) as a free
fatty acid emulsified in 400 mg xanthan gum, 800 mg soy lecithin, and
60 mL water. Infusion lines were passed through the rumen cannula
and secured in the abomasum with a rubber flange. The fatty acids
were delivered as a bolus infusion over 10 min. The cows were milked
using a portable bucket milking machine every 6 h for 24 h before the
infusion, and every 4 h for 24 h postinfusion. At 24 h postinfusion, the
cows were returned to the milking herd, and milk samples were taken
in the parlor every 12 h for 60 h. Blood samples were taken via a
jugular catheter at each milking and 0.5, 1, 1.5, 2, 3, and 6 h after the
initiation of the infusion. Heparinized blood samples (10,000 U/L)
were centrifuged for 20 min at 1000 3 g at 48C, and the plasma was
collected. Plasma lipid classes were quantified using enzymatic kits
(L-Type TG H, Free Cholesterol E, Cholesterol E, NEFA C, and
Phospholipids B, Wako Chemicals) according to manufacturer’s
directions for microplate analysis. Plasma and milk samples were
stored at 2208C.
Fatty acid analyses. Milk and plasma lipids were extracted using
chloroform:methanol (2:1) (13). The extracted plasma lipid (1 mg)
was fractionated into cholesterol esters (CE), triacylglycerols (TG),
nonesterified fatty acids (NEFA), mono- and diacylglycerols (MDG),
and phospholipid (PL) classes according to Hamilton and Comai (14).
Milk, plasma TG, and plasma MDG lipids were methylated using base-
catalyzed transesterification (15) with a reaction time of 10 min.
Plasma CE and PL were methylated using the same method with a 24-
h reaction time. Plasma NEFA were methylated in a 2-step procedure
using methanolic-HCl and sodium methoxide according to Kramer
et al. (16). The fatty acid methyl esters (FAME) (,1 mg) were
converted to dimethyl disulfide (DMDS) derivatives (17) and 4-
methyl-1,2,4-triazoline-3,5-dione (MTAD) derivatives (18). The
FAME were analyzed on a gas chromatograph (Hewlett-Packard
6890 Series with auto injector) fitted with a flame ionization detector
and a 100 m 3 0.25 mm, with 0.2 mm film capillary column coated
with CP-Sil 88 (Chrompack). Initially, the oven temperature was 708C
(for 3 min); it was then increased to 1758C at a rate of 38C/min and
held for 3 min. The oven temperature was then increased to 1858C at a
rate of 18C/min and held for 20 min, increased to 2158C at a rate of
38C/min, and then increased to 2308C at a rate of 108C/min and held
for 5 min. To quantify fatty acids, response correction factors were
determined by the analysis of a butter oil standard with certified values
(CRM 164; European Community Bureau of Reference, Brussels).
The DMDS and MTAD were analyzed by GC-MS [Agilent
Technologies 6890N GC equipped with a 30 m 3 0.25 mm with 0.2
mm film (5%-phenyl)-methylpolysiloxane HP-5ms capillary column
and a 5973 inert series quadrupole mass selective detector (MSD)
controlled by MSD ChemStation software (D.01.02.16) in the
selective ion monitoring mode]. For the DMDS samples, the oven
temperature was increased from 70 to 1958C at a rate of 208C/min after
injection of sample. The oven temperature was then increased to
2258C at a rate of 18C/min and held for 5 min. Finally, the oven
temperature was increased to 2908C at a rate of 108C/min and held for
5 min. For the MTAD samples, the oven temperature was increased
from 50 to 2508C at a rate of 208C/min after injection of sample. The
oven temperature was then increased to 3258C at a rate of 28C/min
followed by an increase to 3408C at a rate of 258C/min.
Data analysis. For VA, the tracer:tracee ratio (TTR) was
calculated from analysis of the DMDS. For cis-9, trans-11 CLA, the
TTR was calculated from analysis of the MTAD. Both the DMDS and
MTAD derivatives of FAME produce distinctive spectral fragments
that are indicative of the double bond position when analyzed by MS.
The TTR was calculated from the mass abundance of the 12C and 13C
fragments (mass fragments 245 and 246 for VA; 322 and 323 for cis-9,
trans-11 CLA) using the equation TTR5 13C/12C. To account for the
natural levels of 13C, the mean TTR of samples taken before the
infusion was subtracted from the TTR of all samples. Therefore,
enrichment (E) of the fatty acid with 13C at each sample period was
calculated as (TTR – mean TTR before infusion) 3 100. The calculated
E was adjusted for spectrum skewness using the correction factor
1/[1 1 (0.011)(1)] (19).
For descriptive purposes, the calculated E and fatty acid concen-
tration for VA and cis-9, trans-11 CLA for each sample postinfusion
was compared with the E and fatty acid concentration of the sample at
224 h using a 2-sample t test (PROC TTEST, SAS version 9.1, SAS
Institute) with significance declared at P , 0.05. All postinfusion E
reported are greater (P , 0.05) than preinfusion E at 224 h unless
otherwise stated. Additionally, plasma lipid class concentrations for
each sample time for 24 h postinfusion were compared with the
measurement obtained at 224 h using the 2-sample t test (PROC
TTEST, SAS).
The decline in E over time for VA and cis-9, trans-11 CLA in milk
fat from the observed maximum enrichment was modeled using an
exponential decay function of the form:
EðtÞ5A  e½2Bðt2LÞ;
where E(t) is the predicted enrichment percentage at time t (h), A is
the maximum percentage enrichment, B is the rate of decay, and L is
the lag term set to 8 h. Parameter estimation was accomplished using
the iterative Gauss-Newton nonlinear algorithm via PROC NLIN
(SAS). Adequacy of fits was determined by the significance of the
parameters, the magnitude of their correlation, and examination of the
underlying residual structure. The area under each curve was
calculated from 8 to 24 h. The ratio of the cis-9, trans-11 CLA to
VA area was used to calculate the fraction of cis-9, trans-11 CLA
originating from VA.
Additionally, the total grams of VA and cis-9, trans-11 CLA at each
time point for 24 h pre- and postinfusion for each cow were calculated
by converting fat yield (g) to total fatty acid yield (g) using 0.94 as a
conversion factor. This conversion factor was calculated on the basis of
the relative contribution of lipid classes in milk (20) and the fatty acid
content based on the molecular weight of the lipid species using oleic
acid to represent the average fatty acid. The calculated fatty acid
content for each of the lipid classes was 73% for PL (based on a
weighted mean of the relative contribution of phosphatidylcholine,
phosphatidylethanolamine, phosphatidylserine, and phosphatidylino-
sitol), 95% for TG, 91% for DG, 79% for MG, 100% for FFA, and 79%
for CE based on previously summarized data (20).
Total fatty acid yield was used to calculate the total grams of VA
and cis-9, trans-11 CLA in milk fat. The grams of VA at each sample
time were then separated into grams of 13C-containing VA or grams of
12C containing VA by multiplying the grams of VA by the TTR and
dividing by (1 1 VA TTR). The amount of 12C VA (g) was
TABLE 1
Ingredients and chemical composition of the diet
Composition g/kg of diet dry matter1
Ingredient
Alfalfa silage 175
Barley silage 56
Cottonseed, whole 87
Alfalfa hay 209
Concentrate pellet2 472
Chemical analysis3
Crude protein 181
Neutral detergent ﬁber 268
Acid detergent ﬁber 204
Ether extract 61
1 Diet dry matter averaged 64.1%.
2 Concentrate pellet contained 470 g/kg steam steam-rolled corn,
207 g/kg wheat midds, 144 g/kg ﬁnely ground corn, 52 g/kg soybean
meal, 52 g/kg extruded soybean meal, 21 g/kg ground barley, 26 g/kg
dried molasses, 2 g/kg tallow, 15 g/kg CaCO3, 6 g/kg NaCl, and 6 g/kg
MgO on a dry matter basis.
3 The calculated net energy of lactation was 7.5 MJ/kg dry matter.
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determined by difference. The same calculation was also used for cis-9,
trans-11 CLA. For each cow, the grams 13C-containing or grams 12C-
containing VA or cis-9, trans-11 CLA were summed for 24-h
preinfusion and 24 h postinfusion. The pre- and postinfusion values
for each variable were then averaged. The mean pre- and postinfusion
grams of 13C-containing or grams 12C-containing VA values were used
to predict values for each variable for a 24-h period by multiplying the
ratio of postinfusion grams of 13C VA to preinfusion grams of 13C VA
and multiplying by the postinfusion grams 13C VA. The same
calculation was used for 12C values. These observed and predicted
values were then used (Table 2) to compute the fraction of cis-9, trans-
11 CLA originating from VA.
The contributions of fatty acids from plasma lipids were calculated
as previously described for milk lipids using the measurements
obtained in this study and based on previously summarized data
(22). However, the fatty acid content of PL was calculated to be 72%,
due to the different distribution of PL species (22).
RESULTS
Cows consumed (mean 6 SEM) 19.16 1.3 kg dry matter/d
and produced 24.6 6 1.6 kg milk/d with 3.8 6 0.2% milk fat.
None of these variables were altered throughout the duration of
the experiment, including milk fatty acid composition (Table
3). The mean concentration of VA and cis-9, trans-11 CLA in
milk fat before infusion at 24 h did not differ (P. 0.05) from
the concentration at times of increased 13C enrichment (data
not shown). This indicates that the bolus abomasal infusion of
1.5 g 13C-VA did not alter the steady-state fatty acid con-
centrations in the body fatty acid pools.
Compared with the 24 h values, no 13C enrichment was
detected for VA or cis-9, trans-11 CLA in milk lipid before
abomasal infusion of vaccenic-1-13C acid, as expected (Fig. 1).
An initial 13C enrichment increase for VA (3.5%) was detected
at 4 h postinfusion. Enrichment reached a maximum at 8 h
(8.3%). An increased enrichment compared with 24 h was
also detected at 12 h (4.1%), 16 h (2.2%), and 20 h (0.8%).
Increased enrichment was not detected after 20 h postinfusion.
Additionally, an initial 13C enrichment increase for cis-9,
trans-11 CLA (2.6%) was detected 4 h postinfusion (Fig. 1).
Enrichment reached an observed maximum at 8 h (6.6%). An
increased enrichment compared with –24 h was also detected
at 12 h (3.4%), 16 h (1.7%), and 24 h (0.7%).
Estimates of 13C enrichment decreased over time for both
VA and cis-9, trans-11 CLA from the time of observed
maximum enrichment. Parameter estimates for the VA and cis-
9, trans-11 CLA (Table 4) models both showed appropriate
sign and magnitude to describe the decrease in 13C enrichment
over time. In each case, standard errors were small relative to
the estimates and the asymptotic CI for the parameters did not
encompass zero, indicating that each of the specified param-
eters was significant. Also, the magnitude of the correlations
between parameters was small (,0.9), indicating lack of
redundancy and that each parameter was necessary in the
model. The predicted equation followed the data well and
showed the expected exponential decay in the 13C enrichment
over time (Fig. 2). Residuals were randomly and uniformly
distributed about zero with no discernable pattern. Using area
under the curve, the amount of cis-9, trans-11 CLA arising from
VA was estimated to be 83.46 6.7% for 24 h postinfusion. The
calculations used to determine the percentage of cis-9, trans-11
CLA originating from VA by mass output are shown in Table 2.
The conversion of VA to cis-9, trans-11 CLA in milk estimated
by mass determined that 83.1 6 2.6% of milk cis-9, trans-11
CLA came from VA for measurements taken 24 h postinfusion.
Plasma lipid classes were quantified and their relative fatty
acid content determined (Table 5). There were no concentra-
tion differences observed over time compared with concentra-
tions at 24 h (data not shown). The majority of fatty acids in
circulation were in PL (47.2%) and CE (47.0%); TG provided
only 4.5% of the total fatty acids in circulation. The NEFA class
contributed only 1.3% to the total fatty acid pool. The con-
tribution to total plasma lipid was 2.0% for TG, 63.5% for CE,
31.7% for PL, 1.7% for NEFA, and 1.0% for free cholesterol.
Fatty acid analysis of individual lipid classes detected
increased 13C enrichment in VA in the TG, NEFA, and PL
of plasma compared with –24 h using a 2-sample t test
procedure (Fig. 3). In the TG fraction, 13C enrichment was
detected from 1 h (21.2%) until 4 h (5.7%) postinfusion with
maximum enrichment occurring at 1.5 h (53.8%). In the PL
fraction, increased enrichment was not detected until 2 h
(0.5%) but was then maintained until 84 h (0.3%) postinfusion
TABLE 2
Calculations to determine the percentage of cis-9, trans-11 CLA in milk originating from VA in Holstein cows1
Variable calculated Value Calculation Equation
13C VA infused, g/cow 1.5
13C VA absorbed, g 1.2 1.50.7862 (1)
13C VA transferred to udder, g 0.4 6 0.01 [(observed g 13C VA post2)  (predicted g 13C VA post)]1
[(observed g 13C CLA post)  (predicted g 13C CLA post)]
(2)
VA converted to CLA in udder, % 25.7 6 0.76 100[(observed g 13C CLA post)  (predicted g 13C CLA
post)]/(g 13C VA transferred to udder)
(3)
13C VA transferred to adipose or oxidized, g 0.8 6 0.01 (g 13C VA absorbed)  (g 13C VA transferred to udder) (4)
Total VA pre,3 g 12.0 6 0.69 (g 13C VA1 g 12C VA)/[ 1  (% conversion of VA to CLA/100)] (5)
Total VA post,4 g 14.0 6 0.63 (5)
VA converted to CLA pre, g 3.1 6 0.26 (g VA)  (% conversion of VA to CLA/100) (6)
VA converted to CLA post, g 3.6 6 0.10 (6)
Total CLA pre, g 3.8 6 0.09 (g 13C CLA 1 g 12C CLA) (7)
Total CLA post, g 4.3 6 0.25 (7)
CLA from VA pre, % 81.2 6 5.11 [(g VA converted to CLA)/(g CLA)]100 (8)
CLA from VA post, % 83.1 6 2.59 (8)
1 Values are means 6 SEM, n ¼ 3.
2 Absorption efﬁciency from Romo et al. (21).
3 Total-pre represents measured total amount of VA or CLA output in milk for 24 h before abomasal infusion of 13C VA.
4 Total-post represents measured total amount of VA or CLA output in milk for 24 h after abomasal infusion of 13C VA.
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with maximum enrichment occurring at 8 h (2.7%). The NEFA
fraction was enriched from 1.5 h (22.9%) up to 3 h (11.9%)
with an observed maximum enrichment detected at 1.5 h.
Increased enrichment was detected only at 3 h (5.1%)
postinfusion in the MDG fraction and no enrichment was
detected in the CE fraction. Unlike the enrichment of VA in
plasma lipid fractions, there was no increased enrichment of
13C in cis-9, trans-11 CLA at any time in any plasma lipid
fraction (data not shown).
DISCUSSION
Early reports on the desaturation of saturated fatty acids in
vivo directly investigated the desaturation of deuterium-labeled
saturated fatty acids fed to mice (23) and the in vitro
desaturation of 1-14C-stearyl-CoA and 1-14C-palmityl-CoA by
microsomal preparations (24). Recent studies shifted the focus to
the use of unlabeled fatty acids and indirect measurements (e.g.,
measuring reciprocal changes without using tracer methodology)
to document the activity of the D9-desaturase enzyme on VA.
Using isotopically labeled fatty acids, the desaturation of VA to
cis-9, trans-11 CLA was shown directly in vitro (25) and in vivo
with only one human male subject (12). Indirectly, desaturation
of VA to cis-9, trans-11 CLA was demonstrated in vivo in
humans (6), mice (8), and cattle (5).
We demonstrated the direct conversion of VA to cis-9,
trans-11 CLA in vivo using lactating dairy cattle. The abomasal
infusion of a tracer dose of 13C-labeled VA alleviated the need
to chemically inhibit the D9-desaturase enzyme while allowing
for a direct assessment of the D9-desaturase enzyme activity in
the mammary gland of lactating dairy cattle, specifically on the
conversion of VA to cis-9, trans-11 CLA. This approach enabled
us to examine whole-animal metabolism of an individual fatty
acid without potentially manipulating other fatty acids.
Furthermore, the tracer dose of 13C labeled VA allowed for an
in vivo assay of the D9-desaturase enzyme activity.
Fatty acid substrates of the D9-desaturase enzyme in the
mammary gland are contributed from the diet, mobilization of
TABLE 3
Fatty acid composition of milk fat1
Fatty acid g/100 g fatty acids
4:0 3.3 6 0.03
6:0 1.4 6 0.02
8:0 0.65 6 0.02
10:0 1.4 6 0.04
12:0 1.5 6 0.04
14:0 6.9 6 0.15
14:1 cis-9 0.69 6 0.03
15:0 0.74 6 0.01
16:0 25.0 6 0.13
16:1 cis-9 1.5 6 0.03
17:0 0.64 6 0.01
18:0 12.7 6 0.19
18:1 trans-5 to -8 0.56 6 0.01
18:1 trans-9 0.48 6 0.004
18:1 trans-10 0.63 6 0.01
18:1 trans-11 1.1 6 0.02
18:1 cis-9 30.7 6 0.25
18:2 cis-9, cis-12 3.3 6 0.07
18:2 cis-9, trans-11 0.48 6 0.01
18:3 cis-9, cis-12, cis-15 0.43 6 0.02
20:0 0.04 6 0.01
Others 5.8 6 0.06
1 Values are means 6 SEM, n ¼ 3. Values represent a mean of
samples taken 24 h to 84 h relative to infusion of 1.5 g of vaccenic-
1-13C acid into the abomasum of lactating dairy cows.
TABLE 4
Estimated regression coefﬁcients for the exponential models
used to describe the decay in 13C enrichment in vaccenic
acid (VA) and cis-9, trans-11 conjugated linoleic
acid (CLA) in milk fat1
Fatty
acid
Parameter
estimate
95% Conﬁdence interval
Variable SE Lower Upper
VA A 8.270 0.375 7.502 9.038
B 0.174 0.016 0.142 0.206
CLA A 6.589 0.193 6.193 6.984
B 0.164 0.009 0.145 0.184
1 Decay was calculated from 8 to 24 h after an abomasal dose of
13C-VA in lactating cows (n ¼ 3). Maximum percentage enrichment, A;
rate of decay, B.
FIGURE 1 Enrichment of 13C in VA and cis-9, trans-11 CLA in milk
fat of lactating cows administered a bolus abomasal dose of 1.5 g
vaccenic-1-13C acid at time zero. Values are means 6 SEM, n ¼ 3.
FIGURE 2 Relation between 13C enrichment and time for vaccenic
acid (A) and cis-9, trans-11 CLA (B) in milk fat of lactating cows (n ¼ 3)
administered a bolus dose of 1.5 g vaccenic-1-13C acid at time zero. The
chart represents the observed data points and predicted exponential
regression model. Panel A: E(t) ¼ 8.270e[0.174 (t  8)]; Panel B:
E(t) ¼ 6.589e[0.164(t  8)].
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body fat, and synthesis in mammary tissue. In lactating dairy
cattle, Griinari et al. (5) concluded that synthesis via the D9-
desaturase enzyme is the primary source of cis-9, trans-11 CLA
in the milk fat of cows fed a typical total mixed ration. By using
the cyclopropene fatty acid in sterculic oil, they were able to
block the activity of the D9-desaturase enzyme and determine
that 64% of milk fat cis-9, trans-11 CLA was synthesized from
VA in the mammary gland. Using similar methods, Corl et al.
(26) estimated that 78% of cis-9, trans-11 CLA in milk fat came
from desaturase activity on VA when cows were fed diets with
or without partially hydrogenated vegetable oil. Furthermore,
when pasture-fed lactating dairy cattle were treated with
sterculic oil, 91% of the cis-9, trans-11 CLA in milk fat was
projected to be from endogenous synthesis via the D9-
desaturase enzyme (9). In another study with cows fed low-
or high-forage diets with or without added buffer, 93% of cis-9,
trans-11 CLA was estimated to originate from the desaturation
of VA using the duodenal flow and milk fat contents of VA and
cis-9, trans-11 CLA (10). As in the previously mentioned study
(10), we also did not have to make any assumption about the
extent of inhibition of the D9-desaturase enzyme, nor manip-
ulate the activity of the enzyme, allowing for another approach
to estimate the percentage of cis-9, trans-11 CLA originating
from VA. The conversion of VA to cis-9, trans-11 CLA was
calculated to be 83.1% based upon predicted output and 83.4%
based upon area under the curve analysis under the experi-
mental conditions with 3 cows. The production of 4.3 g/d of cis-
9, trans-11 CLA in milk fat is most similar to that of Griinari
et al. (5) where 4.9 g of cis-9, trans-11 CLA was produced each
day when no oil was added to the diet. The other studies ranged
from 6.9 g/d for buffer-supplemented cows (10) to 9.5 g/d for
control pasture-fed cows (9). Nonetheless, these data do agree
with the other estimates despite the variation of diet, animal,
and overall production. This agreement on the percentage of
VA converted to CLA across these conditions may indicate
that the D9-desaturase enzyme is constant unless faced with a
potent inhibitor. This constancy may contribute to its impor-
tance in the process of milk fat synthesis.
The conversion of dietary VA to cis-9, trans-11 CLA in
tissues was also shown in rodents and humans. Carcass
evaluation of growing mice consuming a diet high in VA
showed that 11.4% of dietary VA was converted to cis-9, trans-
11 CLA in the total carcass (8). Similar responses were seen in
other studies in which rats or mice were fed VA (7,27,28).
When nonlactating humans consumed diets high in trans fatty
acids or VA, there was an increase in CLA in the serum (6,29).
Additionally, reanalysis (12) of samples from a study originally
published in 1978, showed a 30% enrichment of deuterium in
cis-9, trans-11 CLA in the serum TG of one adult man who
consumed deuterium-labeled VA. Unfortunately, there are no
current published full-length articles evaluating the effect of
the D9-desaturase enzyme in the mammary gland of lactating
women on the conversion of VA to cis-9, trans-11 CLA.
However, recent work from our laboratory published in abstract
form (30) confirms the activity of the D9-desaturase enzyme in
the mammary gland of lactating women on the conversion of
VA to cis-9, trans-11 CLA.
Distribution of plasma lipid classes was similar to previously
published data (22,31). However, low free cholesterol concen-
trations of ;1% were detected, compared with ;10% from
previous data (22,31). The discrepancy may be attributed to
analytical technique, stage of lactation, diet, or a variety of
other factors. Limited data exist documenting the change in
plasma lipids over the entire lactation. Conversely, there were
no concentration changes detected over time when compared
with 24 h measurements. This is in agreement with previous
observations that circulating neutral lipids do not exhibit
circadian patterns in lactating Holstein cows (31).
Dietary VA is rapidly incorporated into specific plasma lipid
classes (Fig. 3). The short-term labeling of the VA fatty acid
pool allowed for the tracking of this fatty acid into primarily TG,
PL, and NEFA. Although the CE portion contains VA, there
was no detection of transfer of the 13C-VA throughout the
short duration of the current experiment. Furthermore, by
6 h after the administration of the 13C-VA, the PL fraction
contained the majority of the plasma 13C-VA. The sequestra-
tion of a substantial portion of VA into a lipid source
TABLE 5
Plasma lipid class quantiﬁcation in lactating cows
administered a bolus abomasal dose of 1.5 g
vaccenic-1-13C acid at time zero1
Plasma
lipid
Plasma
concentration
Fatty acid content
in plasma VA CLA
mmol/L mmol/L g/100 g fatty acids
TG 0.28 6 0.01 0.85 6 0.03 0.7 6 0.04 0.1 6 0.01
PL 4.39 6 0.08 8.82 6 0.16 0.4 6 0.01 0.1 6 0.002
NEFA 0.24 6 0.01 0.24 6 0.01 0.4 6 0.02 0.3 6 0.02
CE 8.79 6 0.20 8.78 6 0.20 0.1 6 0.004 0.1 6 0.06
C 0.14 6 0.01
1 Values are means 6 SEM, n ¼ 3. Samples were taken from 24 h
to 84 h relative to the infusion of 1.5 g of vaccenic-1-13C acid at 0 h into
the abomasum of lactating dairy cows.
FIGURE 3 Enrichment of 13C in VA in plasma TG (A), PL (B), and
free fatty acids (C) of lactating cows administered a bolus abomasal dose
of 1.5 g vaccenic-1-13C acid at time zero. Values are means6 SEM, n¼ 3.
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considered unavailable to the mammary gland is intriguing.
Loor et al. (32) indicated that feeding unsaturated oils to
lactating cows for 28 d increased plasma TG, PL, and CE while
also increasing VA and cis-9, trans-11 CLA concentrations in
each of these plasma fractions. Furthermore, it is suggested that
at high arterial concentrations PL may provide fatty acids
for milk fat synthesis (33). A long-term continuous infusion of
13C-VA could provide further insight into the transfer of this
fatty acid between plasma lipid pools.
The activity of the D9-desaturase enzyme in bovine tissues
occurs primarily in mammary (34) and adipose tissue (35,36),
with additional desaturation shown in liver, muscle, and
intestinal mucosal microsomal preparations from Simmental
cattle (37). However, no desaturase activity was detected in
bovine liver from Angus and Braford cattle (35) or Charolais
cattle in vitro (38). This variability in desaturase activity among
tissues may be explained somewhat by dietary (37) and breed
differences (39). In the current study, no 13C cis-9, trans-11
CLA was detected in any plasma lipid fraction, indicating that
the mammary gland was the major site for the conversion of VA
to cis-9, trans-11 CLA in milk during the 24 h post-VA dose.
The abomasal infusion of VA labeled with a stable isotope
(i.e., 13C) enabled us to demonstrate an alternative robust
method to account for the cis-9, trans-11 CLA produced from
dietary VA and the transfer of VA and cis-9, trans-11 CLA from
plasma to the mammary gland and into milk fat. These data
confirm the magnitude of the contribution of dietary VA
(;80%) to the synthesis of cis-9, trans-11 CLA in the whole
animal under the specified dietary conditions. Ultimately, this
information may be used to further elucidate current and future
dietary manipulations that lead to increased concentrations of
cis-9, trans-11 CLA and other fatty acids in ruminant products
produced by the D9-desaturase enzyme.
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are highly digestible
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RESEARCH conducted before1980 (Davidson and Woods,1963; Grainger et al., 1961)
showed a positive correlation
between divalent cationic minerals in
the diet and digestibility of fat-
supplemented diets. Calcium salt
formation was hypothesized as the
reason for the improvement in
digestibility.
The birth year of calcium salts as a
feed supplement for dairy rations can
be regarded as 1980. At that time,
research conducted at The Ohio State
University under the direction of Dr.
Donald Palmquist demonstrated
conclusively that synthesized calcium
salts of unsaturated long-chain fatty
acids (LCFAs) prevented digestibility
problems when added to cultures of
ruminal microbes. Later, in vivo
studies at Ohio State were the first to
feed preformed calcium salts to
ruminants, showing their ruminal-
inertness (Palmquist and Jenkins,
1982). 
The first commercial product,
Megalac, was marketed in 1984, and
since that time, it has been the gold
standard in fat feeding and has been
provided to millions of cows
throughout the world. Calcium salts
of fatty acids continue to provide
distinct advantages over other forms
of fatty acids provided to dairy
cows. 
Using all available literature for
each topic discussed below, this
document will further demonstrate
that all fats are not and cannot be of
equal value. While all studies will
never be identical in direction and
magnitude of responses, we must
look to see where the entire body of
data leads. We will then develop a
strategy to make the best use of the
various properties and effects of
different fat sources. 
Primer on fat
Chemically, fats are organic
components of ether extract. Ether
removes all fat-soluble compounds,
including mono-, di- and
triglycerides, free fatty acids, fat-
soluble vitamins, sterols, saponins,
waxes and some pigmenting agents. 
True fat, or triglyceride, is
composed of a glycerol backbone (of
three carbon atoms) with one fatty
acid attached to each carbon. These
fatty acids are of varying carbon
lengths, usually from 16 to 22
carbons. These fatty acids can be
“saturated” or “unsaturated.” 
Saturated fatty acids have all of
their bonds saturated with hydrogen,
while unsaturated fatty acids have
one or more double bonds because
not all positions are filled with
hydrogen. 
Most vegetable fats (oils) have a
high amount of unsaturated fatty
acids and are liquid at or slightly
above room temperature. Saturated
fatty acids are more common in
animal products (tallow, grease) and
in hydrogenated vegetable fats (a
process similar to making margarine
from oil).
When triglycerides enter the
rumen, the first event that occurs is
that most of the fatty acids are
“lipolyzed” or removed from the
glycerol backbone, resulting in free
fatty acids. The rate of lipolysis
varies according to the amount of fat
fed and the fatty acid composition on
the glycerol backbone. If all of the
fatty acids on the glycerol moiety are
stearic acid (saturated 18 carbon —
C18:0), then lipolysis proceeds slowly
and is incomplete. 
Information regarding the fatty acid
content and profile allows more
judicious use of fat sources. The
saturated and unsaturated fatty acids
that make up fats account for their
high energy value. Not all fats have
the same fatty acid profile, rumen
reactivity or digestibility. As will be
shown later, the saturated fatty acid
stearic acid (C18:0) has a lower
availability in the intestine than the
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unsaturated fatty acids, leading to a
lower energy value for fats that
enhance the intestinal flow of stearic
acid. 
Palmitic acid (C16:0) is also a
saturated fatty acid; however, it
appears to be relatively well
absorbed from the intestine,
probably due to its shorter carbon
chain length and higher solubility.
Saturated triglycerides that escape
the rumen have very low
digestibility. 
Fatty acids are not fermentable, so
they are not a source of energy for
rumen microbes; further, unsaturated
fatty acids are toxic to the microbes,
so as a defense mechanism, the
ruminal microorganisms
biohydrogenate (saturate) these fatty
acids to a less toxic form. 
In the process of biohydrogenation,
microbial enzymes saturate linoleic
acid (C18:2 — 18 carbons with two
unsaturated bonds) by adding
hydrogen to the double bonds,
continuing until the molecule is
transformed into saturated stearic
acid (C18:0 — 18 carbons with no
double bonds). 
In the process of converting
unsaturated fatty acids into 18:0,
intermediary products are formed.
Two of these are trans 18:1 (trans-
fatty acid) and conjugated linoleic
acids (CLAs). These intermediates
may pass out of the rumen to the
intestine for absorption. 
Under conditions of excessive
unsaturated fatty acids and a low
ruminal pH, such as occurs with
high-grain, low-roughage diets,
undesirable trans isomers of fatty
acids (such as trans-10 18:1 or trans-
10, cis-12 18:2 or both) may be
formed; these have been shown to
be associated with milk fat
depression (Griinari et al., 1998;
Baumgard et al., 2000; Bauman and
Griinari, 2003). Other intermediates,
such as cis-9, trans-11 18:2 and trans-
11 18:1, formed during “normal”
rumen digestion do not cause milk
fat depression (Baumgard et al.,
2000). 
Therefore, depending upon how
much of the fatty acids exit the
rumen as saturated stearic acid or as
the biohydrogenation intermediates
trans 18:1 and CLAs, the energy value
of the fat and its effect on milk fat
production will vary. 
Additionally, it has been shown
that fat digestion and absorption in
mammals (generally) is influenced by
the composition (“profile”) of the
fatty acids presented to the intestine
(Freeman, 1984). Certain fatty acid
profiles have lower digestibility
values than others. 
1. Reported digestibilities of total dietary LCFA for diets
containing five different types of fat supplements
Reported diet fatty acid
Diet type Number digestibility, mean (SD)
Tallow 9 70.2 (7.18)
Hydrogenated glycerides 7 57.0 (5.72)
Whole cottonseeds 8 74.7 (1.92)
Prilled fatty acids 5 71.0 (3.39)
Calcium salts of palm fatty acids 5 77.6 (2.82)
2. Digestibility coefficients for total diets when 
Megalac (as stated by authors) or hydrogenated palm oil was
added to diets of dairy cows (Weiss and Wyatt, 2004)
Total diet digestion Hydrogenated
coefficients, % No fat (control) Megalac palm fat P
Dry matter 69.9 69.5 67.9 0.05
NDF 53.1 53.2 49.5 0.05
Fatty acids 73.7 80.5 58.3 0.05
Energy 68.8 69.5 66.4 0.05
3. Production performance of cows fed Megalac versus
hydrogenated palm oil (Weiss and Wyatt, 2004)
No fat (control) Megalac Hydrogenated palm
DMI, kg per day 23.1 22.6 23.9
Actual milk, kg per day 38 42.6 40.2
4% FCM, kg per day 38.7 44.1 42.2
Milk fat, kg per day 1.57 1.81 1.74
Milk protein, kg per day 1.15 1.22 1.2
Kg FCM/kg DMI 1.68 1.96 1.77
4. Multiple linear regression of digestibility of 
LCFA in diets supplemented with calcium salts 
of palm fatty acids or prilled fatty acids
Control Calcium salts of Prilled
Parameter diet palm fatty acidsc fatty acids
No. of treatment groups 22 22 15
References 1,2,3,4,5,6,7,8,9, 1,2,3,4,5,6,7, 2,3,8,9,10,
(number refers to 10,12,13,14,15, 10,11,12,14, 11, 13,14,17,19
citation below) 16,17,18,19,20 15,16,18,20
Intake of LCFA, g per day 796 1,274 1,418
Digestibility (%) of total LCFA 72.1a 75.3b 69.6a
a,bP < 0.05.
cNote: All trials used Megalac.
(1) Klusmeyer and Clark, 1991. (11) Møller, 1988.
(2) Wu et al., 1993. (12) Simas et al., 1995.
(3) Elliott et al., 1996. (13) Grum et al., 1996.
(4) Schauff and Clark, 1992. (14) Palmquist et al., 1989.
(5) Weiss and Wyatt, 2004. (15) Andrew et al., 1991.
(6) Enjalbert et al., 1997. (16) Aldrich et al., 1997a.
(7) Schauff et al., 1992a. (17) Jenkins and Palmquist, 1984.
(8) Wu et al., 1994. (18) Wu et al., 1991.
(9) Chan et al., 1997. (19) Elliott et al., 1994.
(10) Grummer, 1988. (20) Aldrich et al., 1997b.
5. Effects of calcium salts of palm fatty acids on milk 
production and intake (all trials reported used Megalac)
Calcium salts of
Response Reference Control palm fatty acids
Milk or FCM, lb. per day Schneider et al., 1990 75.9 79.6
Holter et al., 1992 57.0 57.4
Sklan et al., 1989 67.5 70.6
Sklan et al., 1991
Sklan et al., 1994 - Multiparous Cows 71.3 80.5
Garcia-Bojalil et al., 1998 54.6 58.1
Moallem et al., 1997 79.9 87.6
Average 64.7 70.4
DMI, lb. per day Average 45.2 45.2
Another point related to fatty acids
in the rumen is the term “rumen-
active fat.” Unsaturated fatty acids are
generally in a liquid state at rumen
temperatures and are toxic to certain
bacteria, resulting in inhibition of
forage (fiber) digestibility (Jenkins,
2002). The more unsaturated the fatty
acid, the more potent the toxic effect
is on the microbes. 
Rumen-active fat refers to the
combined effects of hydrogenation of
unsaturated fatty acids with
formation of milk fat-depressing
intermediates and interference with
fiber digestion. 
This does not mean rumen-active
fats cannot be fed. We will see that
there is a way to effectively use
these kinds of fats as long as we
maintain their concentration in the
rumen (and diets) within certain
limits so that feed digestibility is not
negatively affected and milk fat
depression does not begin to occur.
The opposite of rumen-active fatty
acids is “rumen-inert fatty acids.” As
the name implies, these are fatty
acids that have little effect on rumen
function. They undergo only limited
biohydrogenation and remain
relatively solid at rumen
temperatures; they do not inhibit
rumen bacteria and do not reduce
diet fermentability. Currently, the two
forms of rumen-inert fatty acids
available are calcium salts of
unsaturated LCFAs and hydrogenated
LCFAs (as fatty acids or as
triglycerides).
Properties
Calcium salts of fatty acids consist of
fatty acids associated with a calcium
ion instead of a glycerol backbone.
When calcium is associated with
unsaturated fatty acids, the fat
supplement has different physical
properties, similar to saturated fatty
acids. It is solid at high temperatures
and does not melt. Therefore, it has
a low solubility in the rumen and is
less susceptible to biohydrogenation. 
Calcium salt products, just like
other feed ingredients, can vary in
their nutritional properties,
including degree of rumen inertness
and their resistance to
biohydrogenation. Manufacturing
and post-manufacturing processes
differ greatly, which can lead to
different physical forms and stability
issues. 
Equating two calcium salts with the
same chemical analysis is the same
thing as stating that whole corn is the
same as corn meal or that two steam-
flaked corns are identical when being
produced at different operating
conditions. Because most of the
published feeding trials examining
calcium salts used the commercial
product Megalac (Church & Dwight Co.
Inc.), the following discussion may not
apply to other calcium salt products. 
To think of calcium salts of fatty
acids as completely inert in the
rumen or as a “bypass” fat is not
totally correct. Calcium salts
dissociate into free calcium ions and
free fatty acids, as do most salts, and
the unsaturated free fatty acid is
subject to biohydrogenation or other
interactions with microbes. 
In a sense, dissociation of the
calcium soap may be considered
analogous to lipolysis of glycerides in
that both cause free fatty acids to be
released into the rumen environment.
Dissociation of calcium salts is
dependent upon the pH of the rumen.
The pK (the pH at which 50% of the
salt is dissociated) is about 4.5 for
calcium salts of LCFAs but varies
somewhat with chain length and
degree of unsaturation of the fatty
acid. Shorter chains and unsaturated
fatty acids have slightly higher pK
values, meaning a greater proportion
of the calcium soaps of these fatty
acids will be dissociated at any given
rumen pH. 
As rumen pH decreases, more of
the calcium salt dissociates into its
components. At normal rumen pH,
more than 60-90% of the calcium salts
can remain intact and pass through
the rumen as inert, influenced by
residence time in the rumen. The
salts that dissociate can be
hydrogenated and contribute to
rumen-active fat load. 
Research has shown that about
one-half of the C18:1 is hydrogenated
in the rumen compared with 80%
hydrogenation in rumen-active fats
(Wu et al., 1991). A key point here is
that not only is the unsaturated fat
less rumen active but also more
unsaturated fatty acid (and less
stearic acid) remains available to
improve intestinal fat digestibility. 
Although some release of free fatty
acids takes place, there is never
enough free fatty acid available at
any given time to cause the problems
of conventional rumen-active fats
unless feeding levels are well outside
any rational recommendation. 
Research in the early 1980s showed
that even at 10% of the dietary dry
matter, calcium salts of LCFAs did not
reduce rumen fiber digestibility (10%
of the dry matter would never be a
recommended level for feeding this
product, but the research was done
to prove the inertness of calcium
salts [Downer et al., 1987]). Jenkins
and Palmquist (1984) published the
original research showing a decided
lack of effect of calcium salts on fiber
digestibility.
The slow dissociation of calcium
salts of fatty acids combined with a
normal pH range and a rate of passage
from the rumen that is consistent with
a functional lactating dairy cow are the
reasons that this particular specialty
fat can be called “rumen-inert
unsaturated fatty acids.” Fotouhi and
Jenkins (1992) described this concept
of inert and bypass fatty acids. 
Intestinal digestibility
Pantoja et al. (1994) showed that the
digestibility of fatty acids in the small
intestine was reduced as fat
saturation increased. Production of
4% fat-corrected milk (FCM) tended to
decrease linearly as saturation of fat
increased. Sklan et al. (1985) provided
a direct comparison between
saturated and unsaturated fatty acids. 
Sheep were fed diets containing
7.5% added stearic acid, oleic acid or
tristearin for 21 days. In the rumen,
dietary triglycerides were
approximately 50% hydrolyzed, and
hydrogenation resulted in saturation
of the free fatty acid fraction. 
Overall absorption of stearic acid,
oleic acid and tristearin supplements
ranged from 60 to 70%, and no
differences were apparent among fats.
Unsaturated fatty acids were more
than 90% absorbed, compared with
55-65% for saturated fatty acids. 
Pantoja et al. (1995) examined
digestibility differences of free fatty
acids versus triglycerides. Diets were
formulated to contain (dry matter
basis) 48% forage in addition to 1.5%
fatty acids from roasted soybeans
and 2.5% fatty acids from tallow,
partially hydrogenated tallow
triglycerides, partially hydrogenated
tallow fatty acids or a blend of 30%
tallow and 70% hydrogenated fatty
acids rich in palmitic acid. 
Supplemental fat as fatty acids,
compared to triglycerides, increased
digestibilities of total fatty acids and
C18:1 in the small intestine, perhaps
indicating that lipolysis of glycerides
was rate limiting. Fatty acids also
increased milk fat percentage and
efficiency of 4% FCM production.
Firkins and Eastridge (1994) showed
that when iodine values (IV)
decreased to less than 50 (i.e., more
saturated fatty acids), especially as IV
decreased from 27 to 11, digestibility
of total dietary fat declined. 
To confirm this relationship,
several digestibility studies with
lactating cows were summarized to
determine true fatty acid
Reprint Feedstuffs, May 9, 2005   3
digestibilities for fats greater and less
than 40 IV. True fatty acid
digestibilities were determined from
the slopes relating fatty acids
absorbed to fatty acids consumed. 
At low fatty acid intakes, true fatty
acid digestibilities were 89% and 74%
for fats with IV values greater than 40
and less than 40, respectively.
However, fatty acid digestibility
declined more rapidly with increasing
intake for fatty acids having IV values
less than 40. 
In that same report, the saturated
fats with a higher C16-to-C18 ratio
were reported to be more digestible.
Similar observations were reported
in a study by Weisbjerg et al. (1992)
where the fatty acid digestibility of a
stearic acid-rich supplement was
lower than a palmitic acid-rich
supplement when both were fed at
two levels of intake. 
In another study by Pantoja et al.
(1996b), cows with ruminal, duodenal
and ileal cannulae were assigned
treatments to evaluate the effects of
fat saturation and amount and source
of effective fiber on fatty acid
absorption. 
Cows were fed a control diet with
no added fat or diets with 5% added
fat from saturated (hydrogenated)
tallow, tallow or animal-vegetable fat.
Diets with animal-vegetable fat had
three different sources and levels of
effective fiber: 40% forage, 40% forage
plus 20% soy hulls or 60% forage. 
Disappearance of fatty acids from
the rumen, especially C16 and C18,
was higher for cows fed the low-fiber
diet. Apparent digestibility was
reduced as fat saturation increased,
primarily because of saturated tallow.
Digestibility of C18:1 in saturated
tallow was reduced in association
with other saturated fatty acids. Fiber
source had no effect on apparent
intestinal digestibility of fatty acids.
After the review by Firkins et al.
(1994) was published, follow-up
studies were conducted to further
examine these effects (Pantoja et al.,
1995; 1996a,b). These studies
confirmed that as stearic acid content
increased, intestinal digestibility
decreased. Products tested were
partially hydrogenated triglycerides
as well as hydrogenated fatty acids. 
Of interest in this study was the
fact that even though the content of
stearic acid in the experimental diets
was relatively low in comparison to
other studies, the negative effect was
still apparent. These data support
the conclusions that stearic acid
depresses intestinal digestibility of
fatty acids. 
In other mammalian species, it has
also been shown that a high amount
of saturated stearic acid (C18:0) can
reduce the fatty acid absorbability of
the rest of the fat reaching the
intestine (Doreau and Chilliard, 1997;
Freeman, 1984). The published data
show that:
(1) Saturated stearic acid (C18:0)
has a lower intestinal availability
than unsaturated fatty acids that
reach the small intestine, and
(2) Biohydrogenation ensures that
stearic acid is the primary fatty acid
reaching the small intestine for most
fat sources.
In other words, stearic acid is the
most abundant fatty acid in the
intestine, even if soybean oil is fed.
Therefore, fatty acid digestibility is
reduced for all rumen-active fats with
hydrogenation. 
If we were able to produce a
rumen-inert fat source composed of
more highly digestible unsaturated
fatty acids, we could get around this
problem. In the dairy cow, calcium
salts of unsaturated LCFAs are
relatively rumen inert and have the
additional desirable property of
having higher intestinal digestibility
than saturated LCFAs.
Most fatty acids found in feedstuffs
are in the same 18-carbon family as
linoleic and linolenic acids (18:2 and
18:3), which are rumen active. Very
little rumen-inert stearic acid is
present in typical feeds unless fat
sources such as hydrogenated fatty
acids and fats, tallow and choice white
grease are fed. 
Note that good-quality tallow and
grease do have 10-20% stearic acid,
while poor-quality tallow and grease
have more. This renders them solid at
room temperature. 
In the rumen, the stearic acid
remains inert, and the unsaturated
fatty acids are hydrogenated to stearic
acid and intermediate fatty acids. 
The Figure (page 20) represents a
schematic of the overall processes of
biohydrogenation in the rumen.
Digestibility comparisons
Table 1 (page 24) is an illustration of
how different types of fatty acid
supplements can affect the
digestibility of total dietary fat. Data
were from 11 different trials
(publications) from five different
laboratories across the U.S. that were
published in the Journal of Dairy
Science (Jenkins and Jenny, 1989;
Schauff et al., 1992a; Schauff et al.,
1992b; Wu et al., 1993; Elliott et al.,
1996; Pantoja et al., 1996a,b; Pires et
al., 1997; Chan et al., 1997; Avila et al.,
2000; Ruppert et al., 2003; Weiss and
Wyatt, 1994). 
In most of these trials, the
supplemented fat represented from
40 to 60% of the total dietary fat.
Since basal dietary fat is primarily
C18:2 and C18:3, it can be concluded
that each of the supplements in Table
1 had differential effects on how the
total fat was utilized.
The important points here are that:
(1) Calcium salts of fatty acids
permit the total dietary fatty acid
digestibility to be high compared to
other fat supplements, and
(2) Different fat sources with
different fatty acid profiles have
different effects on the total diet (all
fats are not equal).
A recent study (Weiss and Wyatt,
2004) provides experimental results
comparing Megalac with
hydrogenated palm fat (Table 2).
A control diet was formulated with
no added fat and compared to two
fat-supplemented diets: one with
calcium salts of palm fatty acids and
a second with hydrogenated palm fat.
Each was supplemented at two levels
(1.7 and 3.4% of the total diet), but
for the purposes of this presentation,
the two levels of each are averaged
into one value for each supplement. 
This is an extreme comparison as
the theoretical digestibility of palm
fatty acids in calcium salts should be
high whereas the value for
hydrogenated palm fatty acids in
triglycerides should be very low. 
Notice that the digestibility
coefficients for the total diet for
both dry matter and neutral
detergent fiber (NDF) were reduced
by the addition of hydrogenated fat
but that Megalac had no negative
effect on dry matter or NDF
digestibility relative to the control
with no added fat. 
The hydrogenated fat addition
resulted in lower total fat digestion,
whereas Megalac significantly
improved total dietary fat
digestibility when compared with
the control diet.
The researchers went on to
calculate the digestibilities of the
two fat supplements. The
digestibility of fatty acids in
calcium salts of palm fatty acids
(unsaturated fatty acids and C16:0
palmitic acid) was 2.3 times as high
(90.3% digestibility) as the
digestibility of the hydrogenated
palm fat (mainly C18:0 stearic acid
plus C16:0 palmitic acid) at 38.5%
digestibility. The digestible energy
value for Megalac was also 2.2
times as high (7.4 Mcal/kg) as that
for the hydrogenated palm fat (3.4
Mcal/kg). 
Thus, the digestible energy value
of hydrogenated palm fat was lower
than the value of the corn grain
(3.75 Mcal/kg). 
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Actual milk and FCM, as well as
milk fat and feed efficiency
(kilograms of milk per kilograms of
feed intake) were significantly
higher for the cows fed the
Megalac diet than for cows fed the
control or hydrogenated fat diets
(Table 3).
Ruppert et al. (2003) compared 0,
2 or 4% added tallow to high corn
silage- or high alfalfa silage-based
diets. 
Within each forage type, added
tallow had negative effects on
metabolizable energy (ME) intake
and on the amount of ME available
for milk production. As the amount
of tallow increased, the values for
ME actually decreased. 
In another study, 2 or 4% added
tallow or choice white grease (CWG)
was evaluated against a control (no
fat; Onetti et al., 2001). Production
results are consistent with the study
by Ruppert et al. (2003) where either
of these fat supplements decreased
production performance of cows,
with the decline being directly
proportional to the amount of added
tallow or CWG.
Another well-researched
commercial fat supplement is
prilled fatty acids. These are
basically fatty acids that have been
hydrogenated from a vegetable
source of fatty acids or from animal
fat-based fatty acids (i.e., tallow).
Twenty published studies were
found that tested effects of either
calcium salts of palm fatty acids or
prilled fatty acids — or both —
versus a control diet with no added
fat supplements. 
All of the data were entered into
a multiple linear regression to
determine the effect of the added
fat source on the digestibility of the
total fatty acids in the diet. (Note:
We could not determine the
digestibility of the fat supplement
alone as there were not enough
reported data to do this). The
results in Table 4 show the effect of
the fat supplements on total diet
fat digestibility.
There were 22 and 15 treatment
groups for the calcium salts and
prilled fatty acids, respectively,
that contributed data to the
regression analysis to determine
the fatty acid digestibility for each
diet. 
The reference numbers are
shown, indicating which
publications investigated calcium
salts or the prilled product alone
and which compared both
products. 
For example, citation No. 1 was a
calcium salts versus control study;
citation 2 was a control versus
calcium salts versus prilled study,
and citation 9 was a control versus
prilled study. 
Note that specific publications
were not selected; rather, all
publications that reported
digestibility of LCFAs in these
supplements were included in the
regression analysis.
The average basal fatty acid
intake for the control diets was 796
g per day. On average, the calcium
salt diets were supplemented with
an additional 478 g of calcium salts,
and the prilled fatty acid diets were
supplemented with an additional
622 g. 
Prilled fatty acids did not
significantly affect digestibility of
total LCFAs in the diets. The
apparent tendency for the prilled
supplement to not improve total
dietary fat digestibility may be
related to the large amount of
stearic acid in the product. 
The diets supplemented with the
calcium salts have a significantly
higher total fatty acid digestibility
than either the control or prilled
fatty acid diets. 
Grummer (1988) made similar
conclusions when comparing
calcium salts of palm fatty acids to
prilled fatty acids. In addition,
these results are consistent with
both the National Research Council
(2001) and those in the CPM/CNCPS
rumen fat sub model (Moate et al.,
2004).
Table 4 shows that the addition
of calcium salts of palm fatty acids
to a diet increases the digestibility
of fatty acids in the entire diet.
This can happen if either the fatty
acids in calcium salts of palm fatty
acids have a higher digestibility
than the basal fatty acids in the
diet or if specific fatty acids in
calcium salts of palm fatty acids,
once in the intestine, improve the
digestibility of the other fatty
acids. 
Romo et al.(2000) showed that
when oleic acid (cis 18:1)was
infused into the duodenum of the
dairy cow, the intestinal digestion
of total LCFA was significantly
higher than when trans C18:1 was
infused into the duodenum. 
Klusmeyer and Clark (1991) and
Wu et al. (1991) also demonstrated
that cis 18:1 oleic acid improves the
digestibility of other fatty acids in
the intestine. 
Because calcium salts of palm
fatty acids contains a fairly high
content of oleic acid, the results in
Table 4 are likely due to the
intestinal oleic acid improving total
fatty acid digestibility.
No direct comparisons of
digestiblities of fatty acids in whole
oilseeds versus calcium salts are
available. However, we can draw
some inferences from the scientific
literature. 
The fat in whole intact soybeans,
especially raw soybeans, is poorly
digested (Tice et al., 1994a,b).
However, in contrast, the fat in
whole cottonseeds is generally well
digested. 
We know that if oilseeds are
cracked, crushed, extruded or
otherwise processed, the oil in the
seeds is highly rumen active, so
the amount that can be added
should be restricted to the
guidelines laid out later in this
presentation. 
Whole or processed raw soybeans
and extruded soybeans have a very
high amount of rumen-active fat.
High-quality roasted soybeans likely
have less rumen-active fat than
those forms previously mentioned.
However, processing roasted
soybeans from rolling to fine
grinding increases the rumen
activity level of the fat. 
In most cases, it is probably safe
to feed roasted, minimally
processed soybeans until the
needed (RUP, insoluble or bypass)
protein level needed is reached. 
Feed intake
Allen (2000) modeled the effect of
fat sources on dry matter intake
(DMI) and reported that
unsaturated fatty acids depressed
DMI more so than saturated fatty
acids. His results further indicated
that calcium salts of fatty acids
tended to depress DMI.
We have recently repeated this
modeling effort using the same data
set. Allen’s model examined DMI
with inclusion of calcium salts from
0 to 9% of the dry matter and over
low, medium and high milk
production. 
Our initial observations were the
same as reported by Allen (2000).
Calcium salts of fatty acids
appeared to decrease intake to a
greater extent than saturated
sources of fats, particularly when
fed at above physiological and
practical levels. 
It makes perfect nutritional and
biological sense that a lower-
producing animal fed more than 3%
of the ration dry matter as added
fat should reduce DMI because
excess energy will not be used for
milk production, and possibly, an
imbalanced supply of nutrients may
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occur (Palmquist, 1994). 
When the data set of Allen was
edited to include cows producing
greater than 80 lb. of milk per day
with less than 3% of the ration dry
matter as added calcium salts of
fatty acids, DMI was unaffected,
and FCM yield was increased. Thus,
increasing ration energy density for
cows that need the energy does not
result in decreased intake. 
Further, when the entire data set
from Allen (2000) was viewed
alongside milk or FCM production,
the decreased DMI did not result in
any losses in productivity. This
illustrates the beneficial effects of
calcium salts of unsaturated fatty
acids in terms of digestible energy
value even in lower-producing
cows.
Feeding strategy 
Jenkins and Chandler (1998)
developed a strategy to maximize
cows’ response to added dietary
fat. They divided cow responses
into three phases. In phase I,
production responses are
consistent with the additional
energy supplied by the fat,
indicating no appreciable
reductions in feed intake or
nutrient digestibility by the added
fat. 
During this phase, rumen-active
fats, such as whole oilseeds or
tallow, can be fed.
At the end of phase I, a point is
reached where the amount of
rumen-active fat is maximized. Any
further fat added to the diet
causes entry to phase II, where the
rumen-active fat begins to cause
reduced feed digestibility and
reductions in milk fat percentage.
As a consequence, adding more
rumen-active fat results in no net
production response in cows. 
Further additions of rumen-active
fat causes entry to phase III, where
the reduction in feed digestibility is
so great that fat additions cause
losses in productivity.
The strategy, therefore, is to
optimize additions of rumen-active
fat before entering phase II. At
that point, rumen-inert fats such
as calcium salts of unsaturated
fatty acids can be used to extend
phase I and obtain production
increases with further additions of
fat. 
When calcium salts of
unsaturated fatty acids are fed to
reach the new phase II, the reason
the responses flatten and
eventually decline in phase III is
more likely due to a reduction in
fermentable carbohydrate in the
diet caused by fat substitution
rather than having too much active
fat.
Table 5 is a summary of the
published results from various
trials showing individual trial
production responses and the
average DMI for the same trials.
These arguments support our
recommendations for feeding fat to
cows: The first source of additional
fat can come from oilseeds up to
the point of maximizing the rumen-
active fat in a diet. When
additional fat is needed to
supplement the oilseeds, then an
inert and digestible fat source is
indicated. 
Conclusions
In this article, we have reviewed
the majority of pertinent
published data on total dietary
fatty acid digestibility and
production responses to various
sources of additional dietary fatty
acids. 
Three major conclusions can be
drawn from these publications
when they are put into
perspective for comparative
purposes:
(1) Different sources of fat have
different effects on total diet
digestibility and rumen function.
Unsaturated fatty acids fed in an
active form may diminish rumen
digestion and yet still end up as
stearic acid in the intestine.
(2) The various fat supplements
themselves have different
digestibilities and rumen properties
due to their physical form and fatty
acid composition.
(3) The research data presented
clearly support the contention that
calcium salts of fatty acids have the
highest digestibility among
unsaturated fatty acid sources, thus
providing the highest digestible
energetic value, clearly supported
by reported production responses.
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I: Further Validation of the new Fat model in CPM-Dairy. 
P.J. Moate1, R.C. Boston1, T.C. Jenkins and W. Chalupa1. 
 
 1University of Pennsylvania, Kennett Square. 
2 Clemson University, South Carolina 
 
CPM-Dairy now has a new sub-model to describe the dietary intake, ruminal lipolysis, 
ruminal biohydrogenation, ruminal denovo production and intestinal absorption of 10 
major long chain fatty acids (LCFA) and total LCFA (TLCFA) in dairy cows. A detailed 
description and validation of the model has recently been reported. However, this 
previous validation mainly involved young (250 kg) non-lactating beef steers. We now 
report on the ability of the model to predict in lactating dairy cows, the apparent 
absorption (intake – feces) of TLCFA (AATLCFA). Data used were from 43 diverse 
diets in ten published feeding experiments that reported intakes and fecal output of 
TLCFA (g/cow/day). Additional data were from 15 diets from three experiments in 
which different types of LCFA supplements were infused into the abomasum. The mean 
(±SD) of the measured AATLCFA (MAF) in the feeding experiments were 833 (±266) 
and 757 (±120) in the infusion experiments. Regression analyses (forced through the 
origin) indicated that the predicted AATLCFA (PAF) was highly concordant with the 
MAF: 
Feeding Experiments: 
PAF =  0.99 ± 0.01 * MAF R2 = 0.99  
RMSE = 63, bias =-0.3% N = 43 
Infusion Experiments: 
PAF =  1.03 ± 0.02 * MAF R2 = 0.99 
RMSE = 45, bias = 2.5% N = 15 
We conclude the fat sub-model in CPM-Dairy accurately predicts the apparent absorption 
of total LCFA in lactating dairy cows. 
Key Words: Cattle, long-chain fatty acids, apparent absorption 
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II: New perspectives from the fat model in CPM-Dairy on the intestinal  
absorption of long chain fatty acids in dairy cows. 
 
P. J. Moate1, R. C. Boston1, I. J. Lean2 and W. Chalupa1 
1School of Veterinary Medicine, University of Pennsylvania, Kennett Square, PA; 
2Faculty of Veterinary Science, The University of Sydney, Sydney, Australia. 
 
The fat model in CPM-Dairy (Moate et al. 2004),  predicts that the apparent absorption 
(intake – fecal) of total long chain fatty acids (LCFA) from diets containing calcium salts 
of palm oil fatty acid distillate (CaPFAD) is higher (ca. 76%)  than for diets containing 
prilled saturated LCFA  (PSFA) (ca.72%). To validate this prediction, we collated data on 
apparent absorption of total LCFA from 20 published experiments where either CaPFAD 
or PSFA were fed.  The influence of diet type on apparent absorption was determined 
using multiple linear regression clustered on experiment. The results in the table, validate 
the prediction of the fat model. Reasons for the higher LCFA digestibility of diets with 
CaPFAD appear to be associated with the different pattern of LCFA in CaPFAD and 
PSFA. As a percentage of total LCFA, CaPFAD contains: palmitic, 50.8%; stearic, 4.1%; 
oleic, 35.7%; linoleic, 7.0% and other LCFA, 2.4%. PSFA contains palmitic, 42.4%; 
stearic, 44.3%; oleic, 5.5%; linoleic, 0.7% and other LCFA 7.1%. The fat model predicts 
approximately 50% of the oleic acid from CaPFAD reaches the small intestine. This 
constitutes a substantial amount of oleic acid, and contrasts markedly to almost all other 
diets. Part of the explanation as to why LCFA from CaPFAD have higher apparent 
absorption than LCFA from PSA is no doubt due to the higher digestibility in lactating 
dairy cows of unsaturated LCFA compared with saturated LCFA. Another possible 
explanation involves the amphiphilic properties of oleic acid. In monogastric animals, 
oleic acid in the intestines increases the micellar amphiphilic index and hence the 
intestinal absorption of other (including saturated) LCFA (Wiseman, 1984).  Higher 
intestinal digestibility of total LCFA when fatty acid mixtures high in oleic vs. vaccenic 
acid were infused into the abomasum of lactating cows provides evidence that this occurs 
in ruminants (Romo et al. 2000). 
 
Parameter Control CaPFAD PSFA 
Treatment groups (N) 22 22 15 
Intake of total LCFA (g/d) 796 1274 1418 
Apparent Absorption (%) 72.1a 75.3b 69.6a 
a, b means followed by different letters differ significantly P < 0.05 
Key words: CPM-Dairy, fat model 
References: 
Moate, P. J., Chalupa, W., Jenkins T. C. and Boston R. C. 2004. A model to describe 
ruminal metabolism and intestinal absorption of LCFA in dairy cows. Anim. Feed Sci. 
Tech.112: 79-105. 
 
Romo, G. A., Erdman, R. A., Teter, B. B., Sampugna, J. and Casper D. P. 2000. Milk 
composition and apparent digestibilities of dietary fatty acids in lactating dairy cows 
abomasally infused with Cis or Trans fatty acids. J. Dairy Sci. 83:2609-2619. 
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III. The relationship between the concentration in milk of C18:1trans10 
and the concentration of total milk fat. 
 
P.J. Moate1, R.C. Boston1, I.J. Lean2 and W. Chalupa1. 
1University of Pennsylvania, Kennett Square. 
2University of Sydney, Australia. 
 
A model is being developed  to describe how diet and cow factors influence milk fat 
concentration and the concentrations of individual long chain fatty acids (LCFA) in milk. 
Much recent research has focused on the role of C18:1t10 as a possible factor related to 
milk fat depression. In this work we collated recent data from 23 published experiments 
that described a total of 58 diets, did not involve administration of exogenous CLA and 
which reported the concentrations (g/L) in milk of total milk fat and of C18:1t10. 
Unweighted univariate regressions, were performed on these data 
 
For total milk fat concentration, the mean, standard deviation, minimum and maximum 
values were respectively 33.9, 5.3, 22.2 and 45.7 (g/L), while for C18:1t10, the 
corresponding values were 0.25, 0.16, 0.01, and 0.82 (g/L). The total concentration of 
milk fat was significantly (P<0.01) negatively related to the concentration of C18:1t10 in 
milk, but this only accounted for 25% of the total variation in milk fat concentration. 
[Milkfat] = 40.0 ± 1.1 – 24.8 ± 5.7 * [C18:1t10]    R2 = 0.25 
Most of the milk fat depressive effect of C18:1t10 was due to a significant (P<0.01) 
effect on concentrations of de novo milk fatty acids ( C4-C14); but only accounted for 
19% of the variation in these concentrations.  
[Total de novo] = 9.9 ± 0.5 – 6.1 ± 1.7 * [C18t10]   R2 = 0 .19 
 
 
Parameter TMR Pasture Significance 
 N Concentration 
(g/L) 
N Concentration 
(g/L) 
 
Milkfat  43 33.4± 4.9 15 35.4± 6.2 P>0.5 
C18:1t10 43 0.29± 0.15 15 0.11± 0.05 P<0.01 
C18:2t10c12 33 0.007± 0.006 9 0.017± 0.009 P<0.03 
 
Although TMR fed cows had significantly higher concentrations of C18:1t10 than did 
pasture fed cows, they also had significantly lower concentrations of C18:2t10c12. Since 
C18:2t10c12 also can depress milk fat concentration this observation may explain why 
there was no significant difference in total milk fat concentration between TMR and 
pasture fed cows. In conclusion, factors other than C18:1t10 must be taken into account 
to describe the majority of the variation that occurs in the concentration of total milk fat. 
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IV: Modeling the Glucose Challenge in Dairy Cows 
R. C. Boston1, P. J.  Moate1 and D. Stefanovski2 
1School of Veterinary Medicine, University of Pennsylvania, Kennett Square, PA 19348; 
2Keck School of Medicine, University of Southern California, Los Angeles, CA, 
drrayboston@yahoo.com. 
 
Since glucose is both a key energy substrate and a key precursor of milk components, the 
characterization of its role in the metabolism of lactating dairy cows is of considerable 
importance.  Early efforts to characterize the whole-body metabolism of glucose in 
humans aimed at elucidating the dynamic forces responsible for removing glucose from 
circulation. These early efforts used the Euglycemic Hyperinsulinemic Clamp, which is 
time consuming and of relatively limited scientific yield.  More recently researchers have 
used the Intravenous Glucose Tolerance Test (IVGTT) coupled with Bergman’s non-
linear ‘minimal model’ (MinMod) to derive a rich set of indices (or parameters), Glucose 
effectiveness Sg, Insulin sensitivity SI, Acute insulin response to glucose, AIRg, and the 
Disposition Index DI (=SI*Airg) which effectively describe glucose management in 
individuals. Recent efforts to discern factors affecting glucose management in animals 
has seen the minimal model applied to studies in cats, cows, dogs, horses, mice, 
monkeys, pigs and rats.  Despite the fact that humans (monogastrics) and bovines 
(ruminants) differ greatly in the relative importance of dietary glucose towards whole 
body glucose kinetics, minimal model parameters tend to have similar magnitudes in 
these two species (Table 1). DI has been shown to be genetically determined, and in 
cattle, there is tantalizing evidence linking some glucose kinetic parameters to production 
and fertility. Unfortunately, in ruminant research, only a few investigations have utilized 
the well-documented and carefully standardized IVGTT protocol and minimal modeling 
methodology. Because of the nature of this model, the care needed with its proper 
implementation, and the innate difficulties linked to its exploration of IVGTT data, we 
have developed a new computer software, a completely automated version of MinMod 
called MinMod Millennium (Boston et al. 2003). In our experience, when the standard 
IVGTT protocol is used in bovine subjects and resulting data individually modeled using 
MinMod Millennium, all minimal model parameters are well identified  
(parameter cv’s generally less than 10%). 
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Table 1. Comparison of typical magnitudes of Minimal model parameters* in bovines 
and humans.  
Parameter or index Abbreviation Unit Bovine** Human* 
Glucose effectiveness SG min-1 2.4*10-2 2.2*10-2 
Insulin sensitivity SI (mU/L)-1.min-1 9.5*10-4 2.0*10-4 
Insulin clearance rate  P2 min-1 2.1*10-2 5.0*10-2 
Insulin delivery rate P3 (mU/L).min-2 1.9*10-5 2.1*10-5 
Basal glucose conc. Gb mg.dL-1 70 84 
Distributed glucose 
concentration at time 0 
G0 mg.dL-1 216 200 
Basal insulin Ib mU.L-1 4 10 
Acute insulin response AIRg (mU/L).min-1 204 800 
Disposition index DI  20.6*10-2 8.0*10-2 
Glucose effectiveness at 
zero insulin 
GEZI min-1 2.4*10-3 1.8*10-2 
Peak Insulin attributable 
glucose disposal 
IAGD % 55 10 
B-cell function  mU/mmole 100 170 
Insulin action X min-1 1.4*10-2 1.0*10-2 
Apparent volume of 
glucose distribution 
Vg dL.kg-1 1.5 1.4 
* Definitions of all parameters, rate constants and indices, typical human values and 
further minimal model information can be obtained from Boston et al. 2003. 
** Unpublished bovine data 
 
Boston, R. C., D. Stefanovski, P. J. Moate, A. E. Sumner, R. M. Watanabe, and R. N. 
Bergman. 2003. MINMOD Millennium: a computer program to calculate glucose 
effectiveness and insulin sensitivity from the frequently sampled intravenous glucose 
tolerance test. Diabetes Technology & Therapeutics. 5(6):1003-1015. 
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V. Predicting production of de novo fatty acids in milk. 
 
P. J Moate1, W. Chalupa1, R. C. Boston1, and I.J. Lean2 
1University of Pennsylvania, Kennett Square. 
2University of Sydney, Australia. 
 
We have developed a model to describe effects of diet and cow factors on milk fat 
concentration and concentrations of individual long chain fatty acids (LCFA) in milk. We 
collated data on milk from 120 treatment groups of cows described in 29 published 
dietary experiments. The diets included a wide variety of fat supplements and wide range 
in fatty acid intakes (258 - 1794 g/d). Mixed effects modeling was used to relate dietary 
and cow factors to total production of C4-C15 fatty acids (TPdenovo) [g/d]. The 
regression equation which best described TPdenovo was: 
 
TPdenovo = 190 ± 41 + 24.8 ± 4.42* IFCHO – 1.01± 0.163*ATuFA + 
  0.0018 ± 0.0004*ATuFA2 – 0.25 ± 0.029*IFishFA - 
    21.2 ± 10.7*Diet -6.46 ± 2.20*DIM 0.5 
 
 
Where IFCHO (kgDM/d) represents intake of fermentable carbohydrate, ATuFA (g/d) is 
the estimated (by CPM-Dairy) amount of unsaturated fatty acids absorbed from the diet, 
IFishFA (g/d) is the intake of fish-oil fatty acids, Diet is a categorical variable (0 = 
Pasture diet, 1 = TMR) and DIM is days in milk. The R2 for this regression was 0.76 and 
the RMSE was 37.4 (g/d). 
 
Milk fatty acids containing 4 to 15 carbon atoms and approximately half of the C16 fatty 
acids are generally considered to be synthesized de novo in the udder. Univariate 
regressions revealed strong linear relationships between the total production of de novo 
fatty acids and production of individual de novo fatty acids. The slope coefficients for 
these regressions indicate that each of the individual fatty acids constitute a fairly fixed 
proportion of the total production of de novo fatty acids. The estimated coefficients (± 
SE) were: C4:0 0.12 ± 0.01; C6:0 0.082 ± 0.004 ; C8:0 0.052 ± 0.003 ; C10:0 0.111 ± 
0.003; C12:0 0.134 ± 0.004; C14:0 0.441 ± 0.007; C14:1 0.046 ± 0.002; and for C15:0 
0.043 ± 0.002. These findings present a simple method to predict daily production of 
individual de novo fatty acids. 
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